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ABBREVIATIONS AND ACRONYMS

AMR Analysis Modeling Report

ATDT Automated Technical Data Tracking System
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DOE Department of Energy
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ka thousand years
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VPDB Vienna Pee Dee Belemnite

VSMOW Vienna Standard Mean Ocean Water
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1. PURPOSE

Geochemical data and models that are important for site characterization purposes and for
evaluations of site performance are discussed in this report. Geochemical and isotopic data for
present-day fluids and for fracture minerals which reflect past water chemistries at the site are
reviewed and evaluated with respect to the development and testing of models to explain
variations in water chemistry and their implications for the development and testing of site-scale
hydrologic flow models for the unsaturated zone. Such models are required to derive bounds on
future variations in the chemical compositions of waters in the Yucca Mountain flow system.
These bounds are required to model the transport behavior of radionuclidesin the flow system.

More specificaly, this report:

* ldentifies fluid geochemica parameters that are relevant to site characterization and
repository evaluations (Section 6.1).

* Reviews the methods that were used in investigating fluid geochemistry (Section 6.2).

» Discusses avallable data on the geochemical and isotopic compositions of local
precipitation (Section 6.3) and surface water (Section 6.4). The compositions of these
waters define the starting point for the geochemical evolution of water in the unsaturated
zone.

» Discusses available data on the geochemical and isotopic compositions of unsaturated-
zone pore waters and perched water (Sections 6.5 and 6.6), unsaturated-zone gases
(Section 6.7), secondary fracture minerals (Section 6.10), and fluid inclusions (Section
6.11).

» Discusses relevant geochemical data for saturated-zone groundwaters (Section 6.8)
because the similarity between geochemical compositions of local perched water and
waters from the saturated zone suggests common controls.

» Provides overviews of processes that control fluid compositions and the limitations of
the existing data for each category (throughout Section 6).

e Summarizes a conceptual model for the evolution of fluid geochemistry in Yucca
Mountain (Section 7.1).

» Discusses how these data bear on site characterization and repository performance issues
(Section 7).

Constraints, caveats, and limitations associated with the analyses and models in this report are
identified within the sections that discuss the analyses and models themselves.

This report has been prepared according to the requirements of OCRWM Procedure AP-3.10Q,
Rev 2, ICN O, “Analyses and Models.” Planning efforts for this report were outlined in the
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Analysis and Modeling Report (AMR) Development Plan TDP-NBS-HS-000040, “U0085
Analysis of Geochemistry Data, Rev 00" (CRWMS M& O 1999a).

2. QUALITY ASSURANCE

The activities documented in this AMR were evaluated in accordance with QAP-2-0, Conduct of
Activities, and were determined to be subject to the requirements of the U.S. Department of
Energy (DOE) Office of Civilian Radioactive Waste Management (OCRWM) Quality Assurance
Requirements and Description (QARD) (DOE 2000). This evaluation is documented in
CRWMS M&O (1999b), and Wemheuer (1999, activity evaluation for work package WP
140123UM1). This AMR has been prepared in accordance with procedure AP-3.10Q, Analyses
and Models.

3. COMPUTER SOFTWARE AND MODEL USAGE

Standard spreadsheet and visua display graphics programs were used to prepare this report, as
listed below, but they are not subject to software quality assurance requirements.

Microsoft Excel 97 (Version SR-1, for Windows 95 and Windows NT 4.0) is a standard
Spreadsheet program that was used to organize and sort data, calculate averages and standard
deviations, and to perform linear regressions on specific geochemical data sets using standard
built-in Excel functions available with the software on a PC. In addition, the following visual
display graphical programs were used to plot and illustrate the results of data analyses shown in
thisreport. These programs were not used to devel op data used in quality affecting work.

* Plotchem-Win, Version 7.9, for Windows 95, is a graphical program used to prepare
trilinear (Piper) diagrams of dissolved ion concentrations of water samples (TECSOFT
1997)

* Adobe Illustrator, Version 7.0, for Windows 95 and Windows NT 4.0
e Corel Draw 9, Version 9.337, for Windows 95 and Windows NT

All plots and figures were compared against the original data or other sources for correctness.

4. INPUTS
41 DATA AND PARAMETERS

This document is a compilation and synthesis of data and other information collected under
various activities and reported in publications, YMP reports, the YMP Technical Data
Management System (TDMYS), and other databases. The qualification status of input data used in
thisreport is tracked in the electronic Y MP Document Input Reference System (DIRS) database.
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The primary input data used in this report are geochemical and isotopic analyses of pore waters,
perched water, gases and fracture minerals collected from the unsaturated zone at Yucca
Mountain; and analytical data for surface waters and groundwaters in the area. Section 6.2 lists
the major chemical and isotopic parameters used as input to the analyses in this report and
provides an overview discussion of their appropriateness and relevance for these analyses. The
data listed below are appropriate to be used as input for this report because they directly bear on
values of these parameters applicable to the Y ucca Mountain site.

Data used in this report that were acquired or developed as part of the Yucca Mountain Program
are contained in data packages with unique Data Tracking Numbers (DTNSs) that permit the data
to be tracked in the YMP Automated Technical Data Tracking (ATDT) Database. DTNs for
primary input data—i.e., data that are directly used to support the report’ s conclusions—are listed
below. Becausethislistisorganized to parallel the structure of thisreport, many DTNs are listed
more than once. Data sources are listed in the reference section (Section 8.3).

4.1.1 Precipitation Geochemical Data I nputs

Chloride concentrations in local and regional precipitation, along with associated precipitation
quantities, are considered to be primary input data, and provide the basis for estimating
infiltration rates by the chloride mass balance method (sections 6.3.2, 6.3.3, and 6.9.2).

LAOO03JF12213U.001 Precipitation-weighted average monthly concentrations (mg/l) of
precipitation in Red Rock Canyon, Nevada, 1985 to 1998

(GS930108315214.003 Chemical analysis of surface water, spring, and precipitation samples
collected from Kawich and Stewart Creek Basins from September,
1984, to April, 1989.

(GS930108315214.004 Chemical analysis of surface water, spring, and precipitation samples
collected from Kawich and Stewart Creek Basins from May, 1989, to
September, 1991

GS930908315214.030 Chemical analysis of surface water, spring, and precipitation samples
collected from Kawich and Stewart Creek Basins from February,
1992, to September, 1992.

LAJF831222AQ95.003 Halide analyses of rainwater from Y ucca Mountain

All other precipitation chemistry data are used in a corroborative manner, to characterize local
and regional precipitation chemistry in terms of average concentrations and relative ion ratios.
These precipitation trend data provide a baseline against which to compare and contrast chemical
compositions of the various sources of water at Yucca Mountain, and to illustrate general trends
of relative enrichment or depletion of one element compared to another (sections 6.3.2 and
6.3.3).
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4.1.2 Surface-water Geochemical Data Inputs

None of the surface-water geochemical and isotopic data used in this report are considered to be
primary input data. Surface-water data presented in this report are used solely to characterize
local and regional surface water chemistry in terms of concentration averages and ranges, relative
ion ratios, and isotopic characteristics. These calculations provide a means to compare chemical
compositions of surface water and runoff at Y ucca Mountain to those of unsaturated-zone pore
waters and perched water, so as to illustrate genera trends of relative enrichment or depletion of
one element compared to another (section 6.4.3).

4.1.3 Pore-water Geochemical Data | nputs

The following primary input data are used in Section 6.5.3 to characterize pore-water chemistry:

GS950608312272.001

GS961108312261.006

GS961108312271.002

GS970208312271.002

GS970908312271.003

GS991299992271.001

LA9909JF831222.004

LA9909JF831222.010

ANL-NBS-HS-000017, Rev 00

Chemical Data For Pore Water From Tuff Cores Of USW NRG-6,
NRG7/7a, UZ-14 and UZ-N55, and UE-25 UZ#16

Gas Chemistry, ESF Alcoves 2 And 3, 11/95 - 4/96; Water
Chemistry, Alcove 2 (Tritium), Alcove 3, And ESF Tunnel; And
Pneumatic Pressure Response From Boreholes In Exploratory
Studies Facility Alcoves 2 and 3, 10/95 - 5/96

Chemical And Isotopic Composition Of Pore Water And Pore Gas,
1994-96, From Boreholes USW UZ-1, USW UZ-14, UE-25 UZ#16,
USW NRG-6, USW NRG-7a, USW SD-7 USW SD-9, ESF-AL#3-
RBT#1, And ESF-AL#3-RBT#4, And ESF Rubble

Unsaturated Zone Hydrochemistry Data, 10-1-96 To 1-31-97,
Including Chemical Composition And Carbon, Oxygen And
Hydrogen Isotopic Composition

Unsaturated Zone Hydrochemistry Data, 2-1-97 to 8-31-97,
Including Chemical Composition and Carbon, Oxygen, And
Hydrogen Isotopic Composition: porewater from USW NRG-7A,
SD-7, SD-9, SD-12 and UZ-14,; and gas from USW UZ-14

Preliminary hydrochemical data

Data set 9810----2272.004, Analysis for chemical composition of
pore water from boreholes USW UZ-7A, USW WT-24, USW SD-6,
USW SD-7, and USW SD-12 during FY 1997 and 1998

Data set 9902----2272.001, Analysis for chemical composition of
pore water from borehole USW UZ-14 and groundwater from USW
Uz-16

Chloride, bromide, and sulfate analyses of Busted Butte and Cross
Drift tunnel porewatersin FY 99

Chloride, bromide, sulfate and chlorine-36 analyses of ESF
porewaters

Page 17 of 156



LA9909JF831222.012

Chloride, bromide, and sulfate analyses of porewater extracted from
ESF Niche 3566 (Niche #1) and ESF 3650 (Niche #2) drillcore

4.1.4 Perched-water Geochemical Data Inputs

The following primary input data are used in Section 6.5.3 to characterize perched-water

chemistry:

GS991299992271.001

LAJF831222AQ98.011

Preliminary hydrochemical data

Data set 9512----2272.004, Chemical composition of perched water
samples from boreholes NRG-7A, SD-9, UZ-14, ONC#1, USW G-2,
and SD-7, and for water samples from UE-25 UZ-N2 and UZ-N46

Chloride, bromide, sulfate and chlorine-36 analyses of springs,
groundwater, porewater, perched water and surface runoff

4.1.5 Tritium Data Inputs

The following primary input data are used in Section 6.6.2 to characterize the distribution of
tritium in surface water, porewater, perched water and groundwater:

GS940308312133.002

GS960308312133.001

GS961108312261.006

GS961108312271.002

GS970108312232.001

GS970208312271.002

GS970283122410.002

ANL-NBS-HS-000017, Rev 00

Water quality data for samples taken in Fortymile Wash, Nevada,
during the 1993 water year

Water quality data from samples collected in the Fortymile Wash
Watershed, Y ucca Mountain area, Nevada, Water year 1995

Gas Chemistry, ESF Alcoves 2 And 3, 11/95 - 4/96; Water
Chemistry, Alcove 2 (Tritium), Alcove 3, And ESF Tunnel; And
Pneumatic Pressure Response From Boreholes In Exploratory
Studies Facility Alcoves 2 And 3, 10/95 - 5/96

Chemical And Isotopic Composition Of Pore Water And Pore Gas,
1994-96, From Boreholes USW UZ-1, USW UZ-14, UE-25 UZ#16,
USW NRG-6, USW NRG-7a, USW SD-7 USW SD-9, ESF-AL#3-
RBT#1, And ESF-AL#3-RBT#4, And ESF Rubble

Sulfur hexafluoride gas chemistry data and shut-in  pressure
monitoring data from the radial boreholes in Alcove 1 of the ESF,
4/95; and tritium data from borehole ESF-AL#2-HPF#1 in acove 2

Unsaturated Zone Hydrochemistry Data, 10-1-96 To 1-31-97,
Including Chemical Composition And Carbon, Oxygen And
Hydrogen Isotopic Composition

Gas and water chemistry data from samples collected at boreholes
UE-25 NRG#5 and USW SD-7 on Yucca Mountain, Alcove 5, and
borehole ESF-NAD-GTB#la in Alcove 6, ESF, between 8-11-96
and 1-14-97
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GS970608312272.005
GS970908312271.003

GS980908312322.008

GS990608312133.001
GS991299992271.001

Tritium Data From ESF Alcove #5 Cores For Single Heater Test

Unsaturated Zone Hydrochemistry Data, 2-1-97 to 8-31-97,
Including Chemical Composition and Carbon, Oxygen, And
Hydrogen Isotopic Composition: porewater from USW NRG-7A,
SD-7, SD-9, SD-12 and UZ-14; and gas from USW UZ-14

Field, Chemical, And Isotopic Data From A Precipitation Sample
Collected Behind The Service Station In Area 25 And Ground Water
Samples Collected At Boreholes UE-25 C #2, UE-25 C #3, USW
UZ-14, UE-25 WT #3, UE-25 WT #17 And USW WT-24, Between
10/06/97 And 07/01/98

Ground-water quality data
Preliminary hydrochemical data

Data set 9512----2272.002, Tritium analyses of perched waters from
SD-7, SD-9, UZ-14, and NRG-7A; and of porewaters from core from
UZ-14, UZ#16, NRG-6 and NRG-7A

Data set 9911----2272.004, Tritium analyses for porewater samples
from UZ-14, WT-24, SD-12, SD-6, SD-7, SD-9, UZ-7A and NRG-
A

4.1.6 Chlorine-36 Data Inputs

The following primary input data are used in Section 6.6.3 to characterize the distribution of
chlorine-36 in precipitation (using fossil packrat urine samples), surface water, soil, porewater,
borehole cuttings and drillcore, perched water and groundwater:

L A000000000062.002

LA9909JF831222.001

LA9909JF831222.003

LA9909JF831222.005
LA9909JF831222.010

LAJF831222AQ95.005

LAJF831222AQ95.006

LAJF831222AQ96.005

ANL-NBS-HS-000017, Rev 00

Halide and chlorine-36 analyses of cuttings from borehole USW UZ-
N27.

Chloride, bromide, sulfate and chlorine-36 analyses of groundwater
and runoff in FY99

Chloride, bromide, sulfate and chlorine-36 analyses of salts leached
from Cross Drift rock samplesin FY 99

Chlorine-36 analyses of ESF and Busted Butte porewatersin FY 99

Chloride, bromide, sulfate and chlorine-36 analyses of ESF
porewaters

Halide and chlorine-36 analyses of soils from the UE25 NRG#5
drillpad.

Halide and chlorine-36 analyses of soils from Midway Valley pits
and trenches.

Halide and 36CI analyses of cuttings from boreholes NRG-4, NRG-
6, and NRG 7/7A
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LAJF831222AQ96.006
LAJF831222AQ96.008

LAJF831222AQ96.009
LAJF831222AQ96.010
LAJF831222AQ96.011
LAJF831222AQ96.012
LAJF831222AQ96.013
LAJF831222AQ96.014
LAJF831222AQ96.015
LAJF831222AQ97.002
LAJF831222AQ97.006

LAJF831222AQ97.007

LAJF831222AQ98.004

LAJF831222AQ98.009

LAJF831222AQ98.011

LA9909JF831222.010

LA9912JF831222.001

Halide and 36Cl analyses of soil from Midway Valley Pit MWV -P2

Halide and 36C| analyses of cuttings from boreholes UZ-N15, UZ-
N16, UZ-N17, UZ-N36, UZ-N38, UZ-N39, UZ-N61, UZ-N62, and
UZ-N64

Halide and 36Cl analyses of cuttings from borehole UZ-N11
Halide and 36Cl analyses of cuttings from borehole UZ-N37
Halide and 36Cl analyses of cuttings from borehole UZ-N53
Halide and 36Cl analyses of cuttings from borehole UZ-N54
Halide and 36Cl analyses of cuttings from borehole UZ-N55
Halide and 36Cl analyses of cuttings from borehole UZ#16
Halide and 36Cl analyses of cuttings from borehole UZ-14
Chlorine-36 analyses of packrat urine

Halide, sulfate and chlorine-36 analyses of soilsfrom Midway Valley
soil pits MWV-P31 and NRSF-TP-19

Halide, sulfate and chlorine-36 analyses of cuttings from borehole
SD-12

Chloride, bromide, sulfate and chlorine-36 analyses of salts leached
from ESF rock samples

Chlorine-36 analyses of salts leached from ESF Niche 3566 (Niche
#1) drillcore

Chloride, bromide, sulfate and chlorine-36 analyses of springs,
groundwater, porewater, perched water and surface runoff

Chloride, bromide, sulfate and chlorine-36 analyses of ESF
porewaters

Halide and chlorine-36 analyses of drillcore from USW UZ-N55

4.1.7 Carbon-14 and Carbon-13 Data I nputsfor Unsatur ated-zone Water

The following primary input data are used in Section 6.6.4 to characterize the distribution of
carbon isotopes in pore water and perched water:

GS961108312261.006

GS961108312271.002

ANL-NBS-HS-000017, Rev 00

Gas Chemistry, ESF Alcoves 2 And 3, 11/95 - 4/96; Water
Chemistry, Alcove 2 (Tritium), Alcove 3, And ESF Tunnel; And
Pneumatic Pressure Response From Boreholes In Exploratory
Studies Facility Alcoves 2 And 3, 10/95 - 5/96

Chemical And Isotopic Composition Of Pore Water And Pore Gas,
1994-96, From Boreholes USW UZ-1, USW UZ-14, UE-25 UZ#16,
USW NRG-6, USW NRG-7a, USW SD-7 USW SD-9, ESF-AL#3-
RBT#1, And ESF-AL#3-RBT#4, And ESF Rubble
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GS970208312271.002

GS991299992271.001

Unsaturated Zone Hydrochemistry Data, 10-1-96 to 1-31-97,
Including Chemica Composition And Carbon, Oxygen, And
Hydrogen Isotopic Composition

Preliminary hydrochemical data

Data set 9512----2272.003, Isotopic composition (13C, 14C) of
porewater from UZ-14, UZ-16, NRG-6 and NRG-7a during FY 93-
95, and isotopic composition (13C, 14C, 2H, 180) of perched water
from SD-7, SD-9, UZ-14 and NRG-7a

4.1.8 Carbon-14 and Carbon-13 Data I nputsfor Gases from Open Bor eholes

None of the data collected for samples from open boreholes are considered primary input data for
characterization of the chemical composition of gas a Yucca Mountain. These data are
discussed in Sections 6.6.4 and 6.7.2 but are only used to corroborate interpretations based on
isotopic data for instrumented borehole samples (section 4.1.9).

4.19 Carbon-14 and Carbon-13 Data Inputsfor Gasesfrom Instrumented Bor eholes

The following primary input data are used in Sections 6.6.4 and/or 6.7.2 to characterize the
distribution of carbon isotopes in borehole gas from instrumented borehol es:

GS961108312271.002

GS991299992271.001

ANL-NBS-HS-000017, Rev 00

Chemical And Isotopic Composition Of Pore Water And Pore Gas,
1994-96, From Boreholes USW UZ-1, USW UZ-14, UE-25 UZ#16,
USW NRG-6, USW NRG-7a, USW SD-7 USW SD-9, ESF-AL#3-
RBT#1, And ESF-AL#3-RBT#4, And ESF Rubble

Preliminary hydrochemical data

Data set 9112----2271.009, Laboratory results of carbon-14 analysis
of gas samples from borehole UZ1

Data set 9112----2271.010, Laboratory results of carbon-13/carbon-
12 isotope ratio from gas samples from borehole UZ1

Data set 9301----2271.009, Laboratory results of carbon-13/carbon-
12 isotope ratio from gas samples from borehole USW UZ-1

Data set 9301----2271.010, Laboratory results of carbon-14 analysis
of gas samples from borehole USW UZ-1

Data set 9304----2271.019, Laboratory results of carbon-13/carbon-
12 isotope ratio from gas samples from borehole USW UZ-1, May
1989 December 1989, and January 1991

Data set 9304----2271.020, Laboratory results of carbon-14 analysis
of gas samples from borehole USW UZ-1, collected May 1989
December 1989, and January 1991
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Data set 9404----2271.004, Laboratory results of carbon 13/carbon
12 and oxygen 18/oxygenl6 isotope ratios from gas samples from
borehole USW UZ-1 taken 12/93

Data set 9404----2271.005, Laboratory results of carbon 14 analysis
of gas samples from borehole USW UZ-1 collected 12/3/93 - 12/7/93

Data set 9404----2271.008, Laboratory results of carbon 14 analysis
of gas samples from borehole USW UZ-1 collected 1/19/93 - 1/29/93

Data set 9404----2271.009, Laboratory results of carbon 13/carbon
12 and oxygen 18/oxygenl6 isotope ratios from gas samples from
borehole USW UZ-1 (collected January 1993)

Data set 9507----2271.001, Laboratory results of analyses of UZ-1
gas samples for CO2, CH4, SF6, C-13, O-18 and C-14 (collected
February 1995)

4.1.10 Stable Hydrogen and Oxygen | sotopic Data I nputs

None of the stable hydrogen and oxygen isotopic data used in this report are considered to be
primary input data. These data are used solely to corroborate interpretations of water flow paths
and the timing of recharge that are based on other geochemical and isotopic signatures.

4.1.11 Strontium Isotopic Data Inputsfor Waters, Rocks, and Minerals

The following primary input data are used in Sections 6.6.6 and 6.10 to characterize the
distribution of strontium isotopes in soils, borehole cuttings, porewaters, perched water, and
groundwater, and associated mineralogic analyses.

GS910508315215.005

GS920208315215.008

GS930908315215.027

GS931008315215.029

GS941108315215.010

GS950608315215.002

GS970908315215.011

ANL-NBS-HS-000017, Rev 00

Strontium isotope ratios and isotope dilution data for rubidium and
strontium collected 5/3/89 to 5/9/91

Strontium isotope ratios and isotope dilution data for rubidium and
strontium collected 5/10/91 to 2/28/92

Strontium isotope ratios and isotope dilution data for rubidium and
strontium collected 3/2/92 to 11/18/92

Strontium isotope ratios and isotope dilution data for rubidium and
strontium collected 11/19/92 to 12/3/93

Strontium isotope ratios and isotope dilution data for rubidium and
strontium collected 12/6/93 to 8/17/94

Strontium isotope ratios and isotope dilution data for rubidium and
strontium collected 9/7/94 to 5/4/95

Strontium isotope ratios and strontium concentrations in USW SD-7
rocks and soils, and ESF calcite
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GS980108312322.004

GS990308315215.003

GS990308315215.004

GS991299995215.001

Strontium Isotope Ratios And Strontium Concentrations In Water
Samples From USW WT-24 And UE-25 J-13 Collected In October
1997

X-ray fluorescence elemental compositions of rock core samples
from USW SD-9 and USW SD-12

Strontium isotope ratios and strontium concentrations in rock core
samples and leachates from USW SD-9 and USW SD-12

Preliminary unsaturated zone borehole hydrochemistry data

Data set MOL.20000104.0012, Strontium isotope ratios and isotope
dilution data for rubidium and strontium collected 5/11/95 to 8/5/96

4.1.12 Uranium I sotopic Data Inputsfor Waters

The following primary input data are used in Section 6.6.7 to characterize the distribution of
uranium isotopes in soils, borehole cuttings, porewaters, perched water, and groundwater:

GS930108315213.004

GS960908315215.013

GS970508312272.001

GS980108312322.003

GS980208312322.006

GS980908312322.009

GS991299995215.001

Uranium isotopic analyses of groundwaters from SW Nevada — SE
Cdlifornia

Uranium and thorium isotope data for waters analyzed between 1/94
and 9/96.

Uranium Isotopic Data From ESF Alcove 5 Pore-Water Leaches And
UZ Heater-Test Water Collected Between April And May, 1997.

Uranium isotopic data for saturated- and unsaturated-zone waters
collected between 12/96 and 12/97

Uranium isotopic data for saturated- and unsaturated-zone waters
collected by non-YMP personnel between May 1989 and August
1997

Uranium concentrations and 234U/238U ratios from spring, well,
runoff, and rain waters collected from the Nevada Test Site and
Death Valley vicinities and analyzed between 01/15/98 AND
08/15/98.

Preliminary unsaturated zone borehole hydrochemistry data

Data set MOL.20000104.0007, Uranium concentration and isotopic
composition of SZ and UZ waters in the Y uccaMountain vicinity

4.1.13 Chemical Data Inputsfor Gases from Open Boreholes

None of the data collected for samples from open boreholes are considered primary input data for
characterization of the chemical composition of gas a Yucca Mountain. These data are only
used to corroborate interpretations based on chemica data for instrumented borehole samples

(section 4.1.14).
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4.1.14 Chemical Data Inputsfor Gases from Instrumented Boreholes

The following primary input data are used in Section 6.7.2 to characterize the chemical
composition of gasesin instrumented boreholes:

(S991299992271.001 Preliminary hydrochemical data

Data set 9301----2271.004, Gas chromatograph anaysis of gas
composition (CO2, CH4, SF6) of syringe samples taken during USW
UZ-1 borehole gas sampling, 12/9/91 - 12/19/91

Data set 9304----2271.013, Gas chromatograph anaysis of gas
composition (SF6, CH4) of syringe samples taken during USW UZ-1
borehole gas sampling, May 1989, December 1989, and January,
1991

Data set 9404----2271.001, Gas chromatograph anaysis of gas
composition (CO2, CH4, SF6) of syringe samples taken during USW
UZ-1 borehole gas sampling, December 1993

Data set 9404----2271.006, Gas chromatograph anaysis of gas
composition (CO2, CH4) of syringe samples taken during USW UZ-
1 borehole gas sampling, January 1993

4.1.15 Groundwater Geochemical and I sotopic Data I nputs

Uranium activity ratiosin local groundwater are considered to be primary input data, and provide
the technical basis for identifying the presence of local recharge beneath Yucca Mountain
(section 6.6.8). Theseinput data are listed in section 4.1.12.

Carbon-14 activities in groundwater beneath Yucca Mountain are primary input data used to
establish the boundary condition at the water table for the unsaturated-zone gas diffusion model
cited in section 6.7.2. These input data are reported in the following DTNSs:

(GS980908312322.008 Field, Chemical, And Isotopic Data From A Precipitation Sample
Collected Behind The Service Station In Area 25 And Ground Water
Samples Collected At Boreholes UE-25 C #2, UE-25 C #3, USW
UZ-14, UE-25 WT #3, UE-25 WT #17 And USW WT-24, Between
10/06/97 And 07/01/98

(GS990608312133.001 Ground-water quality data

All other groundwater chemistry and isotopic data are used in a corroborative manner, to
characterize local groundwater chemistry in terms of average concentrations and relative ion
ratios. These groundwater trend data provide a baseline against which to compare and contrast
chemical compositions of the various sources of water at Yucca Mountain, and to illustrate
genera trends of relative enrichment or depletion of one element compared to another (sections
6.8.2 and 6.8.3).
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4.1.16 DatalnputsUsed for Chloride Mass Balance Calculations

Precipitation data used in Section 6.9.2 to estimate bounds on present-day average chloride
deposition rates at Y ucca Mountain are listed in section 4.1.1. Pore-water chloride data analyzed
by the chloride mass balance andysis are listed in section 4.1.3. Determination of the
background **Cl/Cl ratio for the Y ucca Mountain vicinity, which is used to estimate the long-
term average chloride deposition rate at Y ucca Mountain, uses the following input data:

LAJF831222AQ95.006

LAJF831222AQ96.006
LAJF831222AQ96.008

LAJF831222AQ96.010
LAJF831222AQ96.012
LAJF831222AQ96.014
LAJF831222AQ96.015
LAJF831222AQ97.002
LAJF831222AQ97.006

GS960308315131.001

Halide and chlorine-36 analyses of soils from Midway Valley pits
and trenches.

Halide and 36Cl analyses of soil from Midway Valley Pit MWV -P2

Halide and 36C| analyses of cuttings from boreholes UZ-N15, UZ-
N16, UZ-N17, UZ-N36, UZ-N38, UZ-N39, UZ-N61, UZ-N62, and
UZ-N64

Halide and 36Cl analyses of cuttings from borehole UZ-N37
Halide and 36Cl analyses of cuttings from borehole UZ-N54
Halide and 36Cl analyses of cuttings from borehole UZ#16
Halide and 36Cl analyses of cuttings from borehole UZ-14
Chlorine-36 analyses of packrat urine

Halide, sulfate and chlorine-36 analyses of soils from Midway Valley
soil pits MWV-P31 and NRSF-TP-19

Woodrat midden radiocarbon (C14)

4.1.17 Uranium, Thorium and Lead | sotopic Data I nputsfor Minerals

The following primary input data are used in Section 6.10 to characterize the uranium, thorium,
and lead isotopic compositions of subsurface secondary mineral deposits from ESF and drill hole

locations:

GS960208315215.001

GS960908315215.014

GS970208315215.001

GS970208315215.002
GS970808315215.012

GS970908315215.013

ANL-NBS-HS-000017, Rev 00

Uranium and thorium isotope data determined by mass spectrometry
for dating subsurface secondary deposits from ESF and drill hole
locations, 8/1/95 to 2/15/96

Uranium and thorium isotope data for ESF secondary minerals
collected between 3/96 and 7/96.

Uranium and thorium isotope data collected between 9/96 and 2/97
from secondary mineralsin the ESF

U-Pb isotope data for ESF secondary minerals, 9/12/96 — 2/15/97

Uranium and thorium isotope data from secondary minerals in the
ESF collected between 2/15/97 and 9/15/97

U-Pb isotope data for ESF secondary minerals, 7/12/97 - 8/24/97
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GS980908315215.015

GS980908315215.016

GS991299995215.001

Uranium and thorium isotope data including calculated 230Th/U
ages and initial 234U/238U activity ratios for in situ microdigestions
of outermost opal-rich mineral coatings from the Exploratory Studies
Facility analyzed between 12/01/97 and 09/15/98.

Uranium and thorium isotope data determined at the Royal Ontario
Museum between 07/12/97 and 01/29/98 and calculated 230Th/U
ages and initial 234U/238U ratios for secondary silica from the
exploratory studies facility

Preliminary unsaturated zone borehole hydrochemistry data

Data set MOL.20000104.0009, Depths of microsamples for the U-Pb
dating

4.1.18 Data Inputsfor Abundances of Subsurface Secondary Minerals

The following primary input data are used in Section 6.10 to characterize the abundances of
subsurface secondary minerals in ESF and drill hole locations:

GS971108314224.020

GS971108314224.021

GS971108314224.022

GS971108314224.023

GS971108314224.024

GS971108314224.025

GS971108314224.026

GS971108314224.028

GS991299995215.001

ANL-NBS-HS-000017, Rev 00

Revision 1 of detailed line survey data, station 0+60 to station 4+00,
north ramp starter tunnel, Exploratory Studies Facility.

Revision 1 of detailed line survey data, station 4+00 to station 8+00,
north ramp, Exploratory Studies Facility.

Revison 1 of detailed line survey data, station 8+00 to station
10+00, north ramp, Exploratory Studies Facility.

Revison 1 of detailed line survey data, station 10+00 to station
18+00, north ramp, Exploratory Studies Facility.

Revison 1 of detailed line survey data, station 18+00 to station
26+00, north ramp, Exploratory Studies Facility.

Revison 1 of detailed line survey data, station 26+00 to station
30+00, north ramp and main drift, Exploratory Studies Facility.

Revison 1 of detailed line survey data, station 45+00 to station
50+00, main drift, Exploratory Studies Facility.

Revison 1 of detailed line survey data, station 55+00 to station
60+00, main drift and south ramp, Exploratory Studies Facility.

Preliminary unsaturated zone borehole hydrochemistry data
Data set MOL.20000104.0008, Calcite contentsin WT-24 cuttings

Data set MOL.20000104.0013, Line survey information from the
Exploratory Studies Facility obtained to estimate secondary mineral
abundance
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4.1.19 Carbon and Oxygen Isotopic Data Inputsfor Minerals

The following primary input data are used in Section 6.11 to characterize the carbon-14, stable
carbon, and stable oxygen isotopic compositions of calcite minerals from soil, ESF and drill hole

locations:

GS931008315215.030

GS931108315215.034

GS931108315215.035

GS940608315215.006

GS950708315215.005

GS960408315215.002

GS960408315215.003

GS960808315215.006
GS960908315215.010

GS970208315215.003

GS970208315215.004

GS970208315215.005

GS970808315215.010

GS980408315215.010

GS980908315213.002

GS991299995215.001

ANL-NBS-HS-000017, Rev 00

Carbon and oxygen isotope analyses of cavity- and fracture-coating
calcite and soil carbonate from drill holes and outcrops, May '89 -
Oct. '93.

Carbon 14 ages from drill holes USW G-1, G-2, GU-3, and G-4,
April 92 - Jan. 93.

Oxygen stable isotope analyses of opa from drill holes and outcrops,
June 92 - Aug. 92.

Oxygen stable isotope analyses of opal from drill holes and outcrop,
June 1994

Delta 13C and delta 180 stable isotope data from the Yucca
Mountain region, July 1992 to September 1994

Carbon and oxygen stable isotope analyses of calcite from drill holes
and the Exploratory Studies Facility (ESF), February 1995 to April
1996

Oxygen stable isotope anayses of opa from drill holes, the
Exploratory Studies Facility (ESF), and outcrop, April 1996.

14-C analyses of calcite from ESF, 12/95 - 2/96

C and O stable isotope KIEL analyses of calcite from ESF and USW-
G2; 10/27/94 - 6/22/96

14-C analyses of calcite from ESF fracture coatings, 12/2/96 -
2/13/97

C and O stable isotope 252 analyses of calcite from ESF and USW
G-2, SD-7, UE-25 a#7; 11/19/96 - 1/27/97

C and O stable isotope KIEL analyses of calcite from ESF and USW
G-2, G-2, G-4, UE-25 a1, USW NRG-6, NRG-7/7a, UE-25 UZ#16;
4/8/96 - 1/17/97

Carbon and oxygen stable isotope analyses of calcite from the ESF
and USW G-1, G-2, and G-3/GU-3, from 01 /16/97 to 07/18/97

Corrected data for carbon and oxygen isotope analyses of cavity- and
fracture-coating calcite for one sample from drill hole USW G-2.

Carbon and oxygen stable isotopic compositions of Exploratory
Studies Facility secondary calcite occurrences, 10/1/97 to 8/15/98

Preliminary unsaturated zone borehole hydrochemistry data
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Data set MOL.20000104.0014, Stable carbon and oxygen isotope
macro- and microanalyses of calcite from the ESF and UZN-35, 2/96
—4/99

4.1.20 Other Data Inputsfor Minerals

The following primary input data are used in Section 6.11 to characterize the uranium, thorium,
and lead isotopic compositions of subsurface secondary mineral deposits from ESF and drill hole
locations:

(S931108315215.033 Fluid inclusion temperatures from drill holes USW G-1 and G-2,
Oct. 92 — Sept. 93.

(S991299995215.001 Preliminary unsaturated zone borehole hydrochemistry data

Data set MOL.20000104.0011, X-ray fluorescence elemental
compositions acquired 4/14/95 to 7/26/96

4.1.21 Other Data Inputs

The following data are used to establish the range of temperatures in the unsaturated zone at
Y ucca Mountain:

(S980408312232.001 Deep unsaturated zone surface-based borehole instrumentation
program data from boreholes USW NRG-7a, UE-25 UZ#4, USW
NRG-6, UE-25 UZ#5, USW UZ-7a and USW SD-12 for the time
period 10/01/97 — 03/31/98

Accepted data used in this report are atomic masses of elements, and radioactive half-lives of
radionuclides such as tritium, carbon-14, chlorine-36, rubidium-87, uranium isotopes, and
thorium isotopes. These data are tabulated in numerous readily available sources (e.g. Parrington
et al. 1996, pp. 18, 19, 22, 46 to 49, and 61).

42 CRITERIA

This AMR complies with the DOE interim guidance (Dyer 1999). Subparts of the interim
guidance that apply to this analysis or modeling activity are those pertaining to the
characterization of the Yucca Mountain site (Subpart B, Section 15), the compilation of
information regarding geochemistry and hydrology of the site in support of the License
Application (Subpart B, Section 21(c)(1)(ii)), and the definition of hydrologic and geologic
parameters and conceptual models used in performance assessment (Subpart E, Section 114(a)).

4.3 CODESAND STANDARDS

No specific formally established codes or standards have been identified as applying to this
analysis and modeling activity. This activity does not directly support License Application
design.
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5. ASSUMPTIONS

Underlying assumptions used to perform the analyses of fluid and mineral geochemical and
isotopic data are listed in Table 2, together with the rationale for accepting them. Assumptions
that are indicated as To Be Verified (TBV) in Table 2 are also identified as such in the locations
of the report where they are used.

6. ANALYSISAND MODELS

6.1 GEOGRAPHIC AND GEOLOGIC SETTING

Yucca Mountain is in the northern Mojave Desert and lies 150 km northwest of Las Vegas in
southern Nevada (Figure 1). It consists of a series of fault-bounded blocks of ash-flow and ash-
fall tuffs and a smaller volume of lava deposited between 14 and 11 Ma (million years before
present) from a series of calderas located afew to several tens of kilometers to the north (Table 1
and Figure 1 in Sawyer et a. 1994). Yucca Mountain itself extends northward to the southern
end of the Claim Canyon caldera and southward toward U.S. Highway 95 where the tuffs thin
and pinch out beneath the alluvium in the northern Amargosa Desert (Figure 2). The tuffsdip 5
to 10 degrees to the east over most of Yucca Mountain. Crater Flat is west of Yucca Mountain
and separated from it by Solitario Canyon, which is the surface expression of the Solitario
Canyon Fault - a steeply dipping scissors fault with down-to-the-west displacement of as much as
500 m in southern Yucca Mountain (Day et a. 1996, pp. 6 to 7). Underlying Crater Flat is a
thick sequence of alluvium, lavas and tuffs that have been locally cut by faults and subvolcanic
dikes. East of Yucca Mountain and separated from it by Fortymile Wash is Jackass Flats, which
is underlain by a thick sequence of aluvium and volcanic rocks. Timber Mountain,
approximately 25 km to the north of the potential repository area, is a resurgent dome within the
larger caldera complex that erupted the tuffs at Y ucca Mountain.

The central block of Yucca Mountain, into which waste would be emplaced if the site were
licensed, is bounded by Drill Hole Wash on the north, the Solitario Canyon Fault on the west,
and the Bow Ridge Fault on the east, and is dissected by the Ghost Dance and Dune Wash Faullts.
Topography is pronounced and, north of the central block, is dominated by long, northwest-
trending, fault-controlled washes (Figure 3). Within and south of the central block, washes are
shorter and trend eastward. Topography in the southern part of Yucca Mountain is dominated by
south-trending faults (Figure 4).

6.2 GEOCHEMICAL PARAMETERSAND METHODS

Fluid geochemical parameters of importance to site characterization and repository evaluations
include the following, although not necessarily in order of importance:

* Major, minor and trace species

* Redox-sensitive elements
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» Oxidation/reduction potential (ORP, usually expressed as Eh, for Electrode potential, on
the hydrogen scale)

» Colloids and particulates

» Dissolved organic carbon

* Microbial populations

» (Gases (dissolved in agueous phase as well as present in gas phase)

» Stableisotopes (hydrogen, carbon and oxygen)

» Cosmogenic and atmospheric radionuclides (tritium, carbon-14, chlorine-36)

» Radiogenic isotopes (isotopes of strontium, uranium, and uranium decay products)
e Temperature and pressure

» Agesof fracture minerals

Some of the parameters on this list are primarily pertinent to site characterization issues, others
are primarily pertinent to radionuclide transport issues, and some are pertinent to both sets of
issues. Data on stable isotopes, cosmogenic and atmospheric radionuclides, and radiogenic
isotopes are used primarily for site characterization purposes. More specifically, data for these
isotopes have been used to develop and calibrate models for the hydrologic flow system. Most of
the remaining parameters are primarily used in repository performance evaluations of
radionuclide dissolution, mobilization and transport. The major constituent and trace-element
concentration data are used in both areas. These parameters are discussed in this report.

The parameters pertinent to repository performance evaluations are used in various ways. For
example, data on oxidation/reduction potentials, pH, maor constituents, major species, gas
concentrations, redox-sensitive elements, dissolved organic carbon, and microbial populations
are all used to constrain predictions of the corrosion behavior of the waste packages and the
solubility of the waste forms. Most of these parameters are also used to constrain predictions for
the sorption behavior of the radionuclides released from the waste forms.

The rest of this section reviews the sampling or measurement locations and collection methods
for the different types of fluid samples anayzed in Yucca Mountain studies including
precipitation, surface waters, pore waters, gases from the unsaturated zone, and perched water.
Also reviewed are collection and analysis methods used for secondary fracture minerals at Y ucca
Mountain. For detailed descriptions of sampling or measurement locations and collection
methods, the original publications cited in the discussion below should be consulted.
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6.2.1 Sampling Locations

A summary of the types of unsaturated-zone geochemical and isotopic data available from
boreholes at Y ucca Mountain is provided in Table 3. Surface-based boreholes from which water
and gas samples were collected in the Yucca Mountain area are shown in Figure 3.
Lithostratigraphy of the samples that were collected was determined using the sources listed in
Table 4. For subsurface-based boreholes, hydrochemical sampling was conducted in the Busted
Butte Field Test facility (Figure 2); niches, acoves and drifts in the Exploratory Studies Facility
(ESF); and the East-West Cross Drift (Figures 3 and 4). The alcoves from which samples were
collected include the Upper Tiva Canyon Alcove (ESF Alcove 1), the Bow Ridge Fault Alcove
(ESF Alcove 2), the Upper Paintbrush Contact Alcove (ESF Alcove 3), the Thermal Test Facility
(Alcove 5) and the Northern Ghost Dance Fault Access Drift (ESF Alcove 6) (Figure 4).

6.2.2 GasSamples

Gas samples have been collected from a limited set of surface-based boreholes at Yucca
Mountain. Borehole UZ-1 was instrumented for temperature and other probes at 33 levels,
which allowed sampling of gas compositions from 15 distinct intervals (Montazer et al. 1985, p.
439). Additional boreholes were cased from the surface down to some depth and are open below
this depth. These included UZ-6, UZ-6S, UZ#16, NRG-6, NRG-7a, SD-7, SD-9 and SD-12
(Thorstenson et al. 1990, p. 256; Yang et al. 1996, p. 11; Yang, Yu et a. 1998, p. 6). In
boreholes UZ#16, NRG-6, SD-7, SD-9 and SD-12, packers were installed to isolate specified
intervals for gas sampling. In addition, gases were collected from radial and horizontal boreholes
drilled from alcoves driven from the Main Drift of the ESF (LeCain and Patterson 1997, p. 3).

Sulfur hexafluoride, SFs, was used in each of these boreholes as a gaseous tracer to identify
drilling-air contamination of the rock gas (Yang et a. 1996, pp. 9 to 11). Based on ten years of
records and the stabilized value in borehole UZ-1, the tracer (SFs) concentration of less than 0.1
ppmv (parts per million on a volume basis) in the borehole air is used to define uncontaminated
rock gas. In some instances, such as boreholesin Alcoves 2 and 3, SF¢ tracer concentrations did
not decrease even after several days of gas pumping (LeCain et a. 1997, p. 38; LeCain and
Patterson 1997, p. 3). These residual tracer concentrations are believed to reflect the propensity
of SFs to adsorb onto clays and zeolites in nonwelded units (Rattray et al. 1995, p. 1). Gas
samples were collected from surface-based boreholes using a 500 cm®-per-min peristaltic pump
connected through short silicone tubing to within hole gas-sampling tubes (Yang et al. 1996, p.
8). Sampling tubes were pumped overnight to purge any atmospheric air.

Two different methods were used to collect CO, for isotopic analysis (Yang et a. 1996, pp. 8 to
11). A molecular-sieve method was used from 1984 to 1991, and involved passing the gas
stream through a silica-gel tower to remove moisture, then through an anhydrous 50-nm
molecular sieve to trap to CO, gas. Starting in 1991, a whole-gas method was used for batch
sampling, which involved collection of the gas in a flow-through glass container (or in a Mylar
balloon). Separation of CO, from the air sample took place in the laboratory using a trap cooled
with dry-ice acohol to trap water vapor, followed by a liquid-nitrogen trap to trap the CO,. The
whole-gas method is the preferred technique because the molecular-sieve method depletes °C
relative to *2C, such that 5*3C values reported for gas samples collected by this method represent
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depleted samples and are not representative of in-situ conditions (DTN: GS970908312271.003,
footnote for SEP Table S97576.018). Consequently, 3°C data obtained for molecular-sieve
samples are not included in this report.

Investigations in the ESF alcoves were intended to provide a better understanding of gas flow in
the upper part of the unsaturated zone; provide evidence of gas flow direction, gas flux, and
travel time; determine the degree of fracture connectivity in the rocks, and support conceptual
models of fluid flow in the unsaturated zone (LeCain et al. 1997, pp. 18 to 20). In general, stable
CO, concentrations, at levels significantly higher than atmospheric or alcove (350 ppmv)
concentrations, were an indication that the gas being pumped from the borehole was
representative of rock gas. Gas samples for CO, and SFg concentrations were collected in glass
syringes with three-way stopcocks so that the syringes could be filled and purged a minimum of
three times before the actual sample was obtained. Three duplicate samples were collected from
each borehole interval and then transported to the laboratory for analysis by gas chromatograph.
Gas samples for **C analysis were collected by pumping the borehole gas through molecular
sieves designed to collect the CO,. Gas samples for 3C analysis were collected in Mylar
balloons.

In addition to the analysis of C isotopes in CO,, other isotopic analyses sometimes included O
isotopes in CO; (as an indicator of the degree of isotopic exchange with pore water), and H and
O isotopes in water vapor. Geochemical and isotopic data for gases are presented in section 6.7.

6.2.3 Pore-water Samples

For drillcore samples intended for pore-water analysis, each core was wrapped in plastic, placed
in aLexan liner, sealed inside an aluminum foil bag, and stored under cool conditions (6to 9° C)
until ready for analysis (Yang et al. 1996, p. 6). Despite all subsequent precaution to preserve the
integrity of these samples for pore-water characterization, some geochemical and isotopic
characteristics of these fluids may have been perturbed due to the fact that drilling was conducted
using air and the cores were exposed to ambient atmospheric conditions for some time before
they were hermetically sealed (Assumptions 2 (TBV), 4, 9 (TBV), 12 and 14 in Table 2). Thus,
pore-water analyses should be used with appropriate caution in subsequent interpretations.

Water samples were extracted from drillcore using one of three methods. compression,
ultracentrifugation, or vacuum distillation (for analysis of tritium and stable isotopes of hydrogen
and oxygen). In many cases, following extraction of pore water by compression or high-speed
centrifugation, residual water was extracted from the core by vacuum distillation and analyzed
for tritium and stable isotopes of hydrogen and oxygen.

The advantages and disadvantages of different compression methods for extracting pore water
from drillcore, and of the effects of each on the mgjor-ion chemistry of the extracted water, was
investigated by Mower et al. (1994, pp. 1 to 7, 60 to 62). The method used to extract most of the
pore-water samples obtained from surface-based boreholes was high-pressure uni-axia
compression, applying an initial pressure of 103.4 MPa which was gradually increased to afinal
pressure of 827 MPa (Yang, Yu et a. 1998, pp. 6 to 7). To protect against atmospheric
contamination, particularly with regard to carbonate species, the system is air tight throughout the
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extraction process. Additional pore water was extracted in some cases by injecting dry nitrogen
gas into the porespace and by forcing out pore water at the end of the compression. The
compression extraction technique was applied to core samples recovered from several dry-drilled
boreholes (LeCain et a. 1997, p. 14; Yang et al. 1988, pp. 29 to 30, 33t0 34; Yang et al. 1996, p.
12; Yang, Yu et a. 1998, p. 6).

Extracted pore waters were filtered through Nucleopore filters (0.45 um) before chemical
anaysis (Yang, Yu et a. 1998, p. 7). Cation concentrations were measured using inductively
coupled plasma emission spectroscopy, and anion concentrations were measured using ion
chromatography. Analytical errors were "*5% (one-sigma) for all maor ions except sulfate, for
which the error was "*10%. Reported aluminum values reflect the presence of both dissolved and
particulate components less than 0.45 -m. Yang et al. (1988, pp. 38 to 41) determined that the
chemical composition of extracted water changed under increasing stress in a triaxial
compression cell operating with an axia stress between 41 and 190 MPa and a lateral confining
stress between 34 and 69 MPa. However, with a few exceptions, the range of variation was
generdly less than 20% for calcium, sodium, magnesium, potassium, chloride, sulfate and silica
(DTN: GS90090123344G.001).

Analyses of chloride, bromide and sulfate were performed on pore waters extracted from ESF
and Cross Drift drill core by ultracentrifugation (Fabryka-Martin, Wolfsberg, Roach et al. 1998,
pp. 264 to 265). Centrifugation methods were aso used on some samples to test whether a
compression method modified the chemistry of the pore-water samples. Yang et a. (1990, p.
250) analyzed pore waters extracted from adjacent samples of nonwelded tuff using a triaxial
compression system (operating up to 152 MPa axia stress and 62 MPa confining stress) and a
high-speed centrifuge (operating up to 18,000 rpm). These authors concluded that both methods
produced reliable data, with similar results from each under the operating conditions used in the
test. In genera, differences in chemical concentrations of the maor ions (calcium, sodium,
magnesium, chloride, and sulfate) within each pair were less than 15% (Y ang et al. 1990, p. 258).
However, other chemical species were not analyzed in the study. For example, itislikdy that in-
situ concentrations of bicarbonate and carbonate would be influenced to different extents by the
extraction methods used. However, these concerns do not affect the conclusions in this report
that are based on general geochemical trends, athough they are an important consideration for
interpretation of carbon isotopic datafor pore waters.

Pore-water data are discussed in Section 6.5.3 (geochemistry) and 6.6 (isotopes). For densely
welded tuff core samples, which generally have moisture contents less than 5% by weight, only a
few samples produced sufficient pore water by the compression or centrifugation methods to
permit a complete chemical analysis. For these samples, vacuum distillation was used to extract
water (as vapor) for analyses of tritium and stable isotopes of hydrogen and oxygen (Yang et al.
1996, p. 6). This method was applied to core from some of the surface-based boreholes. In
addition, in the Bow Ridge Fault Alcove (Alcove 2), water samples were extracted from cores of
boreholes HPF#1 and HPF#2 by vacuum distillation and analyzed for tritium to assess the rate of
infiltration of water from the land surface (LeCain et a. 1997, p. 40). In the Upper Paintbrush
Contact Alcove, water samples were obtained by vacuum distillation from cores of boreholes
RBT#1 and RBT#4 (Alcove 3) (LeCain and Patterson, 1997, p. 15). These water samples were
analyzed for tritium to provide an indication of the spatial distribution of percolation flux near
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the PTn-TSw contact between the Paintbrush nonwelded (PTn) and underlying Topopah Spring
welded (TSw) hydrogeologic units (LeCain and Patterson, 1997, p. 17) (unit stratigraphy shown
in Table 1).

6.2.4 Perched Water and Groundwater Samples

Samples of perched waters were obtained from deep surface-based boreholes UZ-14, NRG-7a,
SD-7, and SD-9 (Yang et a. 1996, pp. 34 to 37) as wel as from WT-24 (DTNSs:
(GS980108312322.004 and GS991299992271.001, data set 9911----2272.004). These samples
were collected with a bailer or from the surface output of a downhole pump. As with the pore-
water extraction methods, these methods of sampling perched water make it very difficult to
derive reliable values for some parameters of interest such as pH, ORP/Eh, and the major species
of redox-sensitive elements such as ferrous and total iron. Geochemica and isotopic analyses of
perched waters are discussed in Sections 6.5 and 6.6, respectively.

Groundwater samples from the saturated zone were generaly obtained either with a downhole
pump or a bailer (Ogard and Kerrisk 1984, pp. 5 and 7; Benson and McKinley 1985, p. 1).
Geochemical data for these samples are discussed in Section 6.8, and isotopic data are discussed
in Section 6.7.

6.25 FractureMinerals

Fracture minerals consisting primarily of calcite and opal were extracted from surface-based and
ESF drillcore, as well as being collected directly from rocks exposed along the ESF tunnels and
acoves. Anayses conducted on these minerals included stable isotopes of carbon, oxygen, and
strontium, as well as **C and members of the uranium and thorium a—decay chains. These data
are presented in sections 6.6.6, 6.10 and 6.11, in which they are interpreted in terms of evidence
for paleoclimatic and paleohydrologic conditions in the unsaturated zone.

6.2.6 Sample Processing for I sotopic Analyses

Methods of processing samples for isotopic analyses include leaching salts from unsaturated rock
cores or cuttings for *°Cl and Sr isotopic analysis, distillation or compression of core to extract
water for analysis of tritium or stable isotopes of hydrogen and oxygen, compression of core to
extract water for carbon isotopic analysis, and digestion of mineral samples for analyses of Sr
isotope ratios or of U series nuclides. Centrifugation of core has also been used to extract water
for some of these isotopic analyses. All uncertainties quoted below are one standard deviation
unless stated otherwise.

TritiumO Hydrogen-3 (tritium) was analyzed by liquid scintillation counting, with an
uncertainty of *'4 trititum units (TU) (one-sigma) (Yang, Yu et al. 1998, p. 7). Section 6.6.2
provides a statistical evaluation of the tritium data to show that only results above 25 TU can be
interpreted unambiguously as containing a component of bomb-pulse tritium. When sufficient
water was available, some samples from ESF boreholes were isotopicaly enriched prior to
analysis by liquid scintillation, a method with an uncertainty of +0.7 TU or better (Clark and
Fritz 1997, p. 17).
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Stable hydrogen and oxygen isotope ratiosC Ratios of hydrogen-2 to hydrogen-1 (*H/*H) and
of oxygen-18 to oxygen-17 (**0/*°0) were measured by gas source mass spectrometry. These
data are reported as delta () H and 5'°0, which express the sample's degree of enrichment or
depletion of the heavy isotope relative to the Vienna Standard Mean Ocean Water (VSMOW)
standard (Clark and Fritz 1997, pp. 6 to 8). Uncertainties were +0.2 per mil (%o) for 3'0 and
+1.0 %o for 8°H (Yang et al. 1996, p. 8).

Stable carbon isotope ratiol] The ratio of carbon-13 to carbon-12 (**C/**C) was measured by
conventional mass spectrometry. It isreported as 5**C with a precision of about 0.2%o (Y ang, Yu
et al. 1998, p. 7). 3C is measured relative to the Vienna Pee Dee Belemnite (VPDB) standard
(**c/**C = 0.011237) (Clark and Fritz 1997, pp. 6 and 9).

Carbon-14[ Carbon-14 was analyzed either by conventional liquid scintillation or tandem
accelerator mass spectrometry (TAMS) (Yang, Yu et a. 1998, p. 7). Both methods have
analytical uncertainties on the order of +0.7 percent modern carbon (pmc). The advantage of
TAMS, however, isits capability to analyze extremely small samples (less than 5 mg of carbon),
whereas conventional scintillation counting requires between 1 and 3 g of carbon, depending
upon the sample’ s age (Clark and Fritz 1997, p. 19).

Chlorine-360] Chlorine-36 was analyzed by accelerator mass spectrometry (as *°Cl/Cl), with
typical uncertainties of 5% (Sharmaet a. 1990, p. 410).

Stable strontium isotope ratiol] The ratio of strontium-87 to strontium-86 (4'Sr/®°Sr) was
measured using solid-source thermal ionization mass spectrometry. The ratios are commonly
expressed as 8'Sr relative to the ratio of reference seawater strontium (¥Sr/%°Sr = 0.7092)
(Paces, Marshall et al. 1997, p. C-1).

Uranium, thorium and lead isotope ratios’] Solid-source thermal ionization mass spectrometry
with isotope dilution was used to obtain 2*U/?%U, 2°Th/U, "Pb/*°U and 2*®Pb/?®U ratios
(Paces, Neymark et al. 1996, p. 16; Paces, Marshall, Whelan and Neymark 1997, p. E-2).

Sections 6.6, 6.10 and 6.11 provide additional details on sample processing methods for specific
isotopes.

6.3 CHEMICAL COMPOSITION OF PRECIPITATION

Chloride concentrations in local and regional precipitation, along with associated precipitation
guantities, are considered to be primary input data, and provide the basis for estimating
infiltration rates by the chloride mass balance method (sections 6.3.2 and 6.9.2). These input
dataare listed in section 4.1.1. All other precipitation chemistry data are used in a corroborative
manner, to characterize local and regional precipitation chemistry in terms of average
concentrations and relative ion ratios. These precipitation trend data provide a baseline against
which to compare and contrast chemical compositions of the various sources of water at Y ucca
Mountain, and to illustrate general trends of relative enrichment or depletion of one element
compared to another (sections 6.3.2 and 6.3.3).
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6.3.1 Processes Controlling Precipitation Chemistry

The initial chemical and isotopic composition of Yucca Mountain groundwater is largely
established by that of local precipitation and dry fallout. Once the precipitation enters the soil
zone, absolute and relative concentrations of the various constituents are shifted to varying
degrees by evapotranspiration and by interactions with minerals, organic matter, and the gas
phase. The effects of these latter processes are described in subsequent sections. Isotopic data
for precipitation are discussed in Section 6.6.

Severa processes control the initial composition of precipitation or fallout. Some examples are:

» Sdlts from marine and terrestrial sources. For example, ions such as Na and Cl in
precipitation derive predominantly from the ocean, whereas terrestrial sources contribute
to Caand Mg concentrations.

» Anthropogenic sources. Acid rain resulting from industrial releases of sulfur is an
example of an anthropogenic source that impacts the chemical reactivity of precipitation.
Other examples of anthropogenic sources are freons and fallout of radioactivity from
above-ground nuclear tests. Global fallout nuclides (tritium, *C, and **Cl) in
precipitation are discussed in Section 6.6.2, 6.6.3 and 6.6.4.

» Wet and dry deposition processes. For example, between one-third and two-thirds of the
Cl deposition in Southern Nevada is from dry deposition of aerosols and particulates, a
process also known as dry fallout (Eriksson 1960, p. 82; Dettinger 1989, p. 62).

» Atmospheric processes (for example, chemica transformation of molecular species).
Different chemical species can be present as inorganic or organic gases or as aerosols,
with each species having different average residence times in the atmosphere.

» Season, frequency and cycles of precipitation events.

» Evaporation prior to deposition will concentrate many solutes, as well as affect the
fractionation of hydrogen and oxygen isotopes in moisture.

* Air temperature affects H and O isotopic fractionation, with the greatest fractionation
observed for cold temperatures. Air temperature also controls gas solubilities.

Many problems complicate the collection and analysis of precipitation data. These include
evaporation of rain or sublimation of snow in the collector, bacterial modification, and CO,
uptake or loss. Even maor elements may be below instrumental detection limits, and the charge
imbal ance for these analyses often exceeds 10%.

6.3.2 Present-Day Regional Characteristics

The largest database available for characterizing regiona precipitation chemistry is that
maintained by the National Atmospheric Deposition Program/National Trends Network
(NADP/NTN), which was established in 1978 (National Atmospheric Deposition Program 1996,
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pp. 1 to 4). The network is a cooperative effort between many different groups, including the
State Agricultural Experiment Stations, U.S. Geological Survey, U.S. Department of Agriculture,
and numerous other governmental and private entities. This network presently consists of 200
rural stations throughout the United States that monitor wet-only deposition. A limited number
of stations also monitor dry deposition, but none of these stations are in Nevada. Chemical
analyses on weekly precipitation samples are conducted by the Central Analytical Laboratory
operated by the Illinois State Water Survey. Summary records are available for annual, quarterly,
and monthly periods. The data are subject to the quality assurance program of the NADP/NTN.

Within the YMP, the NADP/NTN regional database has been used to characterize Cl deposition
rates in the Southwestern United States. Cl is the most conservative dissolved chemical species
in Yucca Mountain groundwaters, insofar as its origin is strongly dominated by atmospheric
sources and the contribution from water-rock interactions generally appears to be negligible.
Increases in its subsurface concentrations relative to that in precipitation (including dry fallout of
aerosols and particulates) are attributed to evapotranspiration in the soil zone, including
sublimation of snow. Because of this characteristic, various pore-water constituents are
commonly plotted as a function of Cl concentration to assess the direction and magnitude of
rock-water interactions in the subsurface (Section 6.5.3).

Chloride pore-water concentrations have also been used as a surrogate measure of infiltration
rates, an approach called the chloride mass-balance method (Scanlon 1991, p. 138). Tota Cl
deposition is a key parameter in the Cl mass-balance method. In general, Cl concentrations in
precipitation decrease with increasing distance from the ocean (Eriksson 1960, p. 87). However,
dry deposition of Cl is quite variable, showing no clear trend, possibly because dry falout is
largely dependent upon local sources of Cl in addition to distance from the ocean and wind
patterns, which control the regional distribution of aerosol particles and their deposition rates
(Winchester and Duce 1967, p. 110; Eriksson 1960, p. 88). Eriksson (1960, p. 82) studied the
ratio of Cl concentrations in runoff to those in precipitation and suggested that, as a rule of
thumb, precipitation chloride constitutes about one third of the total chloride deposition, with dry
fallout accounting for the remaining two-thirds. In aloca study of the Great Basin of Nevada
and Utah, Dettinger (1989, p. 62) calculated an average bulk-precipitation concentration of 0.6
mg/L (for 8 sites) and an average wet-precipitation concentration of 0.4 mg/L (for 66 sites),
implying that dry deposition comprises about 33 percent of the total Cl input in this region. A
crude estimate of the contribution of dry fallout to total Cl deposition rates in Southern Nevada
can also be derived by comparing the average annual Cl concentration in wet fallout at Red Rock
Canyon (0.16 mg/L, unweighted average caculated from ClI data in DTN:
LAOO03JF12213U.001) to the average annual Cl concentration in precipitation at 3 Springs
Basin, which includes both wet and dry fallout (0.51 mg/L, calculated from data in DTN:
(GS930108315214.003, GS930108315214.004, and GS930908315214.030). This comparison
indicates that dry fallout comprises about 70 percent of the total fallout in this area.

6.3.3 Present-Day Site Characteristics

The isotopic and chemical composition of precipitation at the Yucca Mountain site is largely
inferred from measurements made at other local sites. Seven years of record (1984 to 1992) are
available for precipitation chemistry in the semiarid 3 Springs Basin located east of Kawich Peak
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in the Kawich Range east of Tonopah, Nevada, and about 130 km due north of Yucca Mountain
(McKinley and Oliver 1994, pp. 1 to 3; 1995, pp. 1 to 3) (Figure 1). Mgor ion chemistries of
precipitation for the two precipitation chemistry monitoring stations at this location (3 Springs
Basin and Kawich Peak) were used to derive average annua weighted concentrations for major
constituents and regression lines for these constituents relative to Cl concentrations (Table 5).
The regression lines are used in Sections 6.4 and 6.5 to illustrate subsequent changes in water
chemistry as it flows through the subsurface.

Chemical data for precipitation are also available for Red Rock Canyon, the desert observation
station closest to Yucca Mountain in the NADP/NTN network (Figure 1). This site is about
120 km southeast of Yucca Mountain. The record used for the analysis in this report spans 12
years, from 1985 to 1997, which includes two El Nifio episodes, one in 1986 to 1987, and along
episode from autumn 1989 through the summer of 1995 (chemistry data in DTN:
LAOO03JF12213U.001; Fabryka-Martin, Turin et al. 1996, section 4.1.2.2). Neither akalinity
nor carbonate species are reported in this database.

The chemistry of precipitation is important for modeling the composition of waters at Yucca
Mountain because precipitation represents the starting point in the evolution of groundwater
chemistry. Subsequent changes in the water chemistry as it enters the subsurface are illustrated
by three types of diagrams:

» Trilinear (Piper) diagrams show the relative concentrations of major ionic species.
Figure 5 is atrilinear diagram for the precipitation samples from 3 Springs Basin, to be
compared against other trilinear diagrams for surface waters and subsurface waters in
later sections. Because bicarbonate concentrations are not available for the Red Rock
Canyon data (DTN: LA0003JF12213U.001), these data are not presented on a trilinear
diagram. Bicarbonate concentrations could be estimated for these samples based on
charge-balance calculations although the uncertainties in relative anion proportions
would probably be large for these dilute fluids.

* Frequency distributions (histograms) of major elements are used to contrast the
distributions of specific dissolved species in different parts of the hydrologic system.
Frequency distributions for precipitation data have been included on the figures in
Section 6.5.3, so that they can be directly compared to analogous data for surface and
subsurface waters.

» Scatterplots of various major constituents as a function of some conservative species are
a common method for evaluating the role of water-rock interactions in changing
concentrations along a flow path. Chloride is usually considered to be the most
conservative species, and a common assumption is that its concentration in surface and
subsurface pore waters reflects increases due solely to evapotranspiration (Assumption 3
in Table 2). Figure 6 presents a set of plots of sodium, calcium, sulfate, bicarbonate, and
silica as a function of Cl. Only samples with less than 1 mg/L Cl have been included.
The regression lines plotted for each constituent on this figure represent least-squares fits
to the precipitation data from the two 3 Springs Basin sites. These lines have aso been
plotted on analogous figures in Section 6.5.3 (chemistry of waters from the unsaturated
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zone) as a basis for a discussion of the direction and magnitude of rock-water
interactions in the subsurface.

Other than the monitoring studies at 3 Springs Basin and Red Rock Canyon, only a few studies of
Y ucca Mountain precipitation chemistry have been conducted, and the coverage of these studies
was limited in time, space, and/or analytical data. Chloride, bromide and sulfate were measured
in a suite of about 100 samples collected from rain gauges at several neutron-monitoring
boreholes at Yucca Mountain in the spring of 1995 (DTN: LAJF831222AQ95.003 and
LAJF831222AQ97.009). The purpose of these anadyses was to provide independent
corroboration for estimates of the Cl deposition rate, a parameter used in the Cl mass-balance
method (Section 6.9.2), and to characterize the CI/Br and SO,/CI ratios of precipitation. These
ratios can be useful qualitative tracers of groundwater origins and flow paths. Histograms
showing the frequency distributions of Cl and SO, from this work are presented in Section 6.5.3
(Figures 18 and 19), in which they are compared to the concentrations of these species in waters
from the unsaturated and saturated zones.

6.34 Representativeness of the Available Data

An important issue to address is the extent to which these precipitation data are representative of
precipitation at Y ucca Mountain, both past and present. Monitoring at the site at the present time
may not produce valid data because it may not be possible to separate out the effects of site
disturbance from natural conditions. Present-day compositions may also not be representative of
past (pre-industrial) compositions, for example, because of the widespread effects of air
pollution. This raises the question, then, of which of the two available data sets is more
representative of natural conditions at Yucca Mountain. The compositions differ in both absolute
as well as relative concentrations of major ions (for example, compare annual average values for
Na/Cl, SO4/CI, and Ca/Cl in Figure 6). The Red Rock Canyon data have the advantage of
providing a comparatively long (12-year) record, with details available for individual storms if
desired. However, the proximity of Las Vegas may influence dust loadings and chemical
compositions, and the lack of alkalinity analyses is a significant shortcoming that also makes it
impossible to calculate a charge balance. In addition, only wet deposition chemistry is measured.
The 3 Springs Basin data, athough further removed from Yucca Mountain and representing a
shorter period of time (seven years), have the advantages of a reduced influence from urban
activities associated with Las Vegas and of the inclusion of both wet and dry deposition data.

These precipitation data are considered adequate for the purposes for which they are used, i.e., as
input data for simple correlation plots and as corroborative data to support independent estimates
of the chloride deposition rate at Yucca Mountain. For the saturated zone, the geochemical
evolution of the water is not very sensitive to uncertainties in the precipitation chemistry.
However, for the unsaturated zone, the dominant input function is the composition of
precipitation following evapotranspiration, and hence, predictions of the unsaturated-zone pore-
water compositions based on precipitation inputs can be more sensitive to the precipitation
uncertainties because errors may be magnified as the water becomes more concentrated.
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6.4 CHEMICAL COMPOSITION OF SURFACE WATERS

This section describes the data available on the chemistry of surface water in the region. Three
types of surface-water chemistry exist, depending on the source of the water:

» Reatively dilute waters from runoff during precipitation or snowmelt
» Relatively saline waters from groundwater discharge at springs
* A mixture of the two preceding types.

After an overview of the occurrence of surface water in the basin, the following discussion
focuses on the chemical composition of the first category of surface waters, and particularly on
surface waters from potential recharge areas and along flow paths through the Y ucca Mountain
area. |Isotopic datafor surface waters are discussed in Section 6.6.

None of the surface-water geochemical and isotopic data used in this report are considered to be
primary input data. The surface-water data are used solely to characterize local and regional
surface water chemistry in terms of concentration averages and ranges, relative ion ratios, and
isotopic characteristics. These calculations provide a means to compare chemical compositions
of surface water and runoff at Yucca Mountain to those of unsaturated-zone pore waters and
perched water, so as to illustrate general trends of relative enrichment or depletion of one
element compared to another (section 6.4.3).

6.4.1 Overview of Regional and Local Surface-Water Bodies and Drainage Areas

Local drainages on Yucca Mountain ultimately enter the Amargosa River. The eastern slope
drains via Yucca Wash, Drill Hole Wash, and Dune Wash to Fortymile Wash; Fortymile Wash
spreads out into a distributary system in the Amargosa Desert, joining the Amargosa River about
18 km north of Death Valley Junction, California (Figure 2). An unnamed ephemeral channel in
Crater Flat collects drainage from the western and southern slopes of Y ucca Mountain, draining
to the Amargosa River near its confluence with Fortymile Wash. In addition, the tributary
Carson Slough enters the Amargosa River as it flows southward through the Amargosa Desert.
Carson Slough drains spring flow from the Ash Meadows regional groundwater discharge area in
the eastern portion of the Franklin Lake Playa (also known as Alkali Flat), a discharge area for
Yucca Mountain regional groundwater. However, the Amargosa River and its tributaries are
ephemeral streams except for short distances where spring discharges enter the channel system;
flow throughout its entire reach occurs rarely (Mamberg and Eakin 1962, p. 7; Walker and Eakin
1963, pp. 14 to 15) because of losses to infiltration and evaporation from the streambed.

Savard (1995, p. F241; 1998, pp. 9 and 24) and Grasso (1996, pp. 11 to 13) discuss climatic and
weather patterns responsible for Yucca Mountain area streamflow and associated flooding.
Winter/spring stream flow occurs during El Nifio events when the track of Pacific cyclonic fronts
crosses the Yucca Mountain area. Summer streamflow occurs from thunderstorms, often when
the summer monsoon in the southwestern United States extends into the Y ucca Mountain area.
Occasionally, remnant hurricanes from the Pacific Ocean move into the Yucca Mountain area,
causing stream flow in the late summer and fall. These climatic factors influence the initia
chemical and isotopic composition of the local precipitation.
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Once the water contacts the ground, the chemistry of ephemeral surface waters evolves based
upon the type of geologic materials with which the water comes into contact and the length of
time of the contact period. Factors that influence the chemistry of ephemeral surface waters
include:

» Sitetopography (for example, slope, ridgetop, terrace, sideslope, channel),

» Soil development (for example, depth of regolith, porosity, soil stratification/profile
development, infiltration rates),

» Soil mineralogy and chemistry,
» Biotaand vegetative coverage, and
» Evaporative concentration of solutes during flow.

In addition to ephemeral flows following precipitation events, perennial surface water in the
Amargosa River drainage basin is associated with springs (Mamberg and Eakin 1962, p. 8).
Flowing water occurs in the Oasis Valley, Ash Meadows, Tecopa, and Badwater areas after
infrequent precipitation/runoff events, as well as during winter months when evapotranspiration
is a a minimum. Some of these areas dry up amost entirely during high evapotranspiration
periods during the summer. Perennial surface waters are found at the following locations:

* Numerous permanent or nearly permanent springs discharge along or near the Amargosa
River channel in Oasis Valley. Although the flow in the channel is ephemeral through
the Amargosa Desert, short reaches of persistent flow occur between the desert and the
location at which the channel enters Death Valley. Wet playas occur in the eastern
(Amargosa or Peters Playa) and southernmost (Franklin Lake Playa or Alkali Flat) parts
of Amargosa Desert.

* The Ash Meadows regiona groundwater system, which drains the region east of Yucca
Mountain, discharges at severa perennial springs that sustain small pools a Ash
Meadows in southeastern Amargosa Desert. Crystal Reservoir, a man-made structure,
captures discharge from Crystal Spring and several springs in the Point of Rocks area
and drains to the Amargosa River by Carson Slough.

» Four small perennial ponds occur in the Amargosa Desert in former clay mining pits.

» Badwater is a spring discharge pool in the terminal area of the Amargosa River in Death
Valley.

The following section presents chemical data only for ephemeral surface waters (runoff).
6.4.2 Relevanceof Surface-Water Chemistry to Flow and Transport Models

Chemical and isotopic compositions of some of the surface waters described above may be
relevant to flow and transport modeling for two major reasons. First, infiltration of surface

ANL-NBS-HS-000017, Rev 00 Page 41 of 156



runoff into the beds of large channels such as Fortymile Wash may contribute significantly to
local recharge and may thereby influence the chemistry of saturated-zone fluids. Although such
fluids do not have the potential to contact waste packages and are, furthermore, unlikely to lie
aong the direct flow path between the potential repository and the accessible environment,
characterizing their chemical and isotopic compositions is nonetheless necessary in order to be
able to use these constituents as groundwater tracers for the regional flow system. Secondly,
infiltration from runoff events collected from small channels above the potential repository, at
locations where soil cover is negligible, may contribute to seeps that have the potentia to directly
contact the repository backfill and the waste canisters. Runoff water chemistry is discussed in
Section 6.4.3.

6.4.3 Surface-Water Chemistry Data

Samples have been collected to document stream flow chemistry during the occasional runoff
event as part of Yucca Mountain site characterization studies. Sampling locations are plotted on
the map in Figure 7. Water-quality data are also taken from a compilation of hydrochemical data
collected in the Death Valley region during the period from 1910 to 1990, including baseline data
from rivers and playas in addition to springs and wells (Perfect etal. 1995, pp. 1 and 3).
Although the main objective of the Perfect et a. (1995) report was to document groundwater
quality in the Yucca Mountain area, surface-water quality was also documented. The chemical
analyses in the compilation by Perfect et a. are taken from four general sources. USGS
unpublished data files, USGS National Water Information System database, published reports
from Federal and State agency investigations, and unpublished data.

The following general observations are made from the chemical data for channel flow and
surface runoff. Major ion chemistry for these samplesis plotted in the trilinear diagram in Figure
8. The sampling sites fall into three genera categories: channel flow fed by springs and seeps,
channel flow from runoff events and surface runoff, and overland runoff mixed with spring
discharge.

Nineteen samples were analyzed for magor and minor ions between 1984 and 1995 from
15 locations within 15 km of Yucca Mountain along its eastern side. These data were collected
during three series of runoff events:

» Surface water samples collected in Fortymile Wash, Drill Hole Wash, and Busted Butte
Wash in August 1984 were the first surface-water samples collected during site
characterization studies in the Yucca Mountain area (Perfect et al., 1995, attached file
dataedit.wkl).

* Emett et al. (1994, p. 550) document analyses from dip samples of surface water in the
Amargosa River drainage basin from six sampling sites during stream flow conditionsin
January and February 1993. Two of the sites—Stockade Wash at Airport Road and
Yucca Wash near its mouth—represent local overland runoff during precipitation.
(Note: Three of the other sites—Amargosa River near Beatty, Carson Slough at
Stateline Road, and Amargosa River near Eagle Mountain—represent spring discharge
from groundwater or mixing of overland runoff and spring discharge and are not relevant

ANL-NBS-HS-000017, Rev 00 Page 42 of 156



to this discussion. The remaining sample of runoff is from Cane Spring Wash below
Skull Mountain but is not included here because it is not representative of runoff in the
vicinity of YuccaMountain.)

* During periods of stream flow in 1994 and 1995, surface-water quality samples were
collected on Yucca Mountain and in Fortymile Canyon during overland runoff and
channel  flow following precipitation (DTN: GS940308312133.002 and
GS960308312133.001; the latter data are also presented in Savard 1996, p. 28). Some of
the overland runoff from the hillslopesin the drainage basins infiltrated soil and volcanic
rock layers and then re-emerged as overland runoff. Some of the overland runoff also
originated from disturbed areas in the drainage basins such as roads and drill pads where
compaction of the surface material reduced infiltration and increased overland runoff.
Some of the surface-water quality samples in Fortymile Canyon were taken during
overland runoff of precipitation and or snowmelt, whereas others were taken during the
recession period after peak discharge. All samples probably represent a mixing of
overland runoff and shallow infiltration waters that discharge along the hillslopes.

Among the dilute runoff samples described above, total dissolved solids range from 45 to 122
mg/L. These waters have similar ionic chemistries when plotted on a trilinear diagram (Figure
8). The cation field is dominated by calcium, which accounts for 50 to 60 percent of the cation
charge, whereas the anion field is dominated by carbonate species, which account for 70 to
90 percent of the total anion charge. The average Cl content of these local runoff waters is
3.5mg/L.

In addition to surface-water samples from the genera vicinity of Yucca Mountain, water quality
data are aso available for 3 Springs Basin and East Stewart Basin, sites that are considered
representative of potential recharge areas in central Nevada (Figure 1) (McKinley and Oliver
1994, pp. 1 to 3; 1995, pp. 1 to 3). The 3 Springs Basin is a semiarid basin in the Kawich Range
east of Tonopah; sampling locations are at elevations of 7,070 to 9,040 feet. East Stewart Basin
is a subalpine basin in the Toiyabe Range north of Tonopah with sampling occurring at
elevations of 9,455 to 10,240 feet. The two basins were studied as analog sites to Yucca
Mountain during wetter and cooler periods (Section 6.4.1). Water quality samples were collected
from precipitation, springs, and other surface waters during the period 1986 to 1992. Chemical
data for precipitation at the 3 Springs Basin sites were discussed previously in Section 6.3.3.
Springs in the basins are probably above the regional groundwater system and do not represent
discharge from large groundwater basins, in contrast to springs at Ash Meadows in the Amargosa
Desert. The water chemistry of the spring discharges does reflect modification due to movement
of water through unsaturated volcanic rock layers in the basins. Surface-water samples can
represent overland runoff from precipitation or snow melt and also mixing of spring discharge
with overland runoff.

Magjor ion compositions of some of the 3 Springs Basin and Stewart Basin samples are plotted in
the trilinear diagram shown in Figure 9, and the maor constituents are plotted versus chloride
concentrations in Figure 10. These waters are very similar to the Yucca Mountain runoff
samples with respect to their relative proportions of the magor ions;, that is, they are
Ca-bicarbonate waters with a significant component of Na. However, the central Nevada
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samples have dlightly higher proportions of Na and ClI, and lower proportions of Ca and
carbonate species, than the Y ucca Mountain waters.

Figure 10 shows various maor constituents plotted against Cl concentrations for channel flow
and surface runoff at Yucca Mountain and for surface waters from 3 Springs Basin and Stewart
Basin. Also shown on the plots are the regression lines obtained for 3 Springs Basin
precipitation chemistry from Table 5 in Section 6.3.3. The surface-water plots illustrate the
direction and magnitude of changes in water chemistry in response to evaporation, dissolution of
dry-fall salts accumulated since the last infiltration event, and water-rock interactions. Sulfate in
these waters increases to a similar extent as does Cl, as shown by the fact that the surface-water
compositions cluster about the regression line shown for these two anions on Figure 10. This
observation suggests that sulfate concentrations in these waters are fairly conservative and are
mostly a function of evaporative concentration and dissolution of dry-fall salts. In contrast, both
Na and Ca concentrations plot considerably above the precipitation regression lines, suggesting
that their concentrations are increased by dissolution of carbonate minerals and weathering
reactions of soil minerals. Dissolution of carbonate minerals also leads to a large gain in
bicarbonate concentrations, which is also apparent in a comparison of the trilinear plot of Figure
5 (precipitation) with those in Figures 8 (Yucca Mountain runoff) and 9 (surface waters from 3
Springs Basin and Stewart Basin). Finally, the most dramatic constituent increase is observed for
silica, which increases by two orders of magnitude over its concentration in precipitation due to
fast dissolution of opaline silicain the soil (Chadwick et al. 1987, p. 977).

Another source of chemical data for surface-water samples is the compilation of analyses of
springs and tunnel seeps from Rainier Mesa (location shown on Figure 2) (McKinley et a. 1991,
Tables 5 and 6 on pp. 26 to 33). Because of the similarity in geologic settings for Yucca
Mountain and Rainier Mesa, these samples expand the database used to develop a conceptual
model for the early stages of the geochemical evolution of waters contacting tuff. A trilinear plot
of these data is presented in Figure 11, in which some of the tunnel seeps (points 8, 9, A) are
observed to have similar compositions to those of perched waters at Y ucca Mountain (Figure 17).

These surface-water chemical data are also included in the discussion on the geochemical
evolution of Yucca Mountain waters (Section 6.5.3.2) in which frequency histograms for some of
the major ion species are presented (Figures 18 to 23).

6.44 Representativeness of the Data

A key question is, to what extent are the Yucca Mountain runoff samples representative of
surface water at this location? Surface waters under current climatic conditions at Yucca
Mountain are an infrequent occurrence, thereby making it difficult to build a chemica database.
Re-aeration of surface water as it proceeds down the channel may also affect the chemistry of the
collected samples. Some samples were analyzed for bicarbonate in the laboratory instead of at
the site during collection, such that the reported bicarbonate concentrations may not represent
field conditions.

Some of the samples may also be affected by site activities because man-made disturbances
influence sediment concentrations in surface water. For example, runoff from the ESF pad and
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tunnel waste piles during light precipitation events goes down the Drill Hole Wash channel.
During some periods of runoff from the ESF pad, no other runoff was noted in the area, leading
to the hypothesis that the ESF pad and tunnel waste piles were influencing water quality and
runoff. Fine sediment probably originating from the ESF pad and tunnel waste piles has been
transported down the channel system and has clogged infiltration pathways in the channel
alluvial material. Because of greatly reduced infiltration in the channel bottom, surface-water
runoff and sediment were both transported much greater distances than they would have been
under natural conditions.

However, none of these concerns affect the conclusions in this report that are based on general
geochemical trends. These surface-water data are considered adequate for the purposes for
which they are used, i.e., asinput data for simple correlation plots and histograms for comparison
against the chemistry of water in the unsaturated zone. Including the more extensive data from
the 3 Springs Basin is useful to develop and test concepts about geochemical evolution in this
environment. The surface geology at the two central Nevada sites is similar to that at Yucca
Mountain insofar as both are dominated by silicic volcanic rocks, and the precipitation chemistry
is also expected to be similar. The prevailing climatic regime at the centra Nevada sites differs
from that at Yucca Mountain, leading to differences in soil chemistry, in particular less calcic
soils. The central Nevada sites aso have higher precipitation rates and higher infiltration rates,
such that ionic concentrations should be dightly lower for these surface waters than for the
Y ucca Mountain samples. Nonetheless, general geochemical trends should be the same. These
data are used in the following section as corroborative evidence that the description of
geochemical evolution of subsurface waters is consistent with general trends observed in surface
waters.

6.5 CHEMICAL COMPOSITION OF PORE WATERS AND PERCHED WATER

Primary input data for the chemical compositions of unsaturated-zone waters at Y ucca Mountain
are listed in sections 4.1.3 (pore water) and 4.1.4 (perched water). Primary input data for
subsurface temperatures are listed in section 4.1.21. Boreholes for which chemical data are
available for pore waters and perched water are listed in Table 3. Assumptions 1, 2 (TBV) and 3
in Table 2 apply to discussionsin this section.

6.5.1 Processes Controlling the Chemistry of Unsaturated-Zone Waters

The major processes that could influence the chemistry of waters in the unsaturated zone,
including perched water, include the following:

» Dry and wet deposition (precipitation). This refers to the compositions of rain, snow, and
dust deposited on the surface of Yucca Mountain. These compositions provide the
starting point (that is, input composition) for unsaturated-zone water chemistry.
Chemical dataavailable for wet and dry deposition were discussed in Section 6.3.

» Surface-water chemistry. Under some conditions, surface waters may be a significant

source of recharge to the unsaturated zone in the Y ucca Mountain region (see Section
6.4). Therefore, the chemistry of surface waters is potentially an important factor in the

ANL-NBS-HS-000017, Rev 00 Page 45 of 156



control of unsaturated-zone water compositions. Chemica data available for surface
waters were discussed in Section 6.4.3.

e Soil-zone processes. Soil-zone processes of importance to unsaturated-zone water
chemistry include evapotranspiration, deposition of pedogenic mineral horizons, reaction
of infiltrating precipitation waters with soil minerals, and biogenic processes.

* Infiltration paths and rates. The pathways by which waters infiltrate Y ucca Mountain
impact water chemistry not only because they determine the rock/mineral types that the
waters contact but also because they determine the contact times for waters with the
various rock/mineral types. These contact times in turn determine the extent of reaction
between the waters and the rocks/minerals. Particularly significant to solute transport
ratesis the distribution of flow between fractures and matrices in each lithologic unit.

* Rock-water interactions. The extent to which infiltrating waters react with the
rocks/minerals with which they come into contact will have a major impact on water
chemistry. These interactions can include rock/minera-dissolution reactions, ion-
exchange reactions, hydrolysis reactions, precipitation reactions, and possibly other
alteration reactions.

* Minera-substrate-water interactions. These interactions are a subset of rock/mineral
interactions but are separated out here because of their potential significance with respect
to radionuclide retardation reactions (for example, sorption).

» Water-air interactions. The composition of the gas phase in the unsaturated zone is an
important factor in the control of unsaturated-zone water chemistry. For example, the
carbon-dioxide partial pressure influences the carbonic-acid system and the oxygen
partial pressure influences the oxidation state of redox-sensitive elements such as
carbon, sulfur, iron, and manganese.

* Microbial influences. The existence of various microbial populations in the unsaturated
zone implies that water chemistry could be altered by microbial activity. For example,
microbial metabolic activity could influence pH, the concentrations of redox-sensitive
species, and the concentrations of organic acids in unsaturated-zone waters.

» Temperature. Variations in temperature can influence the composition of unsaturated-
zone waters by increasing or decreasing the rates of important reactions (for example,
dissolution or precipitation reactions) and by changing the composition of the
equilibrium assemblage in the system. Temperature variations beneath Y ucca Mountain
between depths of about 40 feet to the top of the water table range from about 18°C to
34°C (based on data for NRG-6, NRG-7a, UZ#4, UZ#5 and SD-12 in DTN:
(GS980408312232.001; corroborated by data for H-1, H-3, H-4, H-5, G-4, UE-25 b#1,
UZ-1, WT-2, and WT#4 reported in DTN: GS950408318523.001) and likely have only
small although measurable impacts on water chemistry.
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* Pressure. Pressure variations will have a minor effect on water chemistry through its
effect on the dissolution of gases such as CO, in water. More significant, however, isits
effect on gas flow patterns, including water vapor transport.

6.5.2 Significance and Occurrence of Perched Water
6.5.2.1  Significance

Perched water is a zone in which the rocks are locally saturated above the regional water table.
The presence of perched water implies that, at least at some time in the past, the percolation rate
through the unsaturated zone has exceeded the saturated hydraulic conductivity of the perching
layer. The perched-water reservoir may be a remnant from a time during which percolation rates
were higher or may reflect long-term steady-state conditions. Perched-water reservoirs of large
volume could indicate that structural or stratigraphic traps are present that allow infiltrating
waters to accumulate. Perched water in proximity to the waste-emplacement tunnels in a
repository is a potential source of water[] in addition to pore water[] that may become mobilized
as vapor resulting from waste-generated heat, a fact that needs to be considered when attempting
to analyze the impact of that mobilized water on repository performance.

6.5.2.2 Perched Water Occurrences

Perched water has been identified below the potential repository horizon in six boreholes in the
Yucca Mountain Site area: UZ-1, UZ-14, and NRG-7a in Drill Hole Wash; and SD-7, SD-9, and
SD-12 along the ESF Main Drift (Rousseau et al. 1999, pp. 170 to 171; O'Brien 1997, p. 23;
Rautman and Engstrom 19963, p. 32; Rautman and Engstrom 1996b, p. 8 and 32). The perched-
water bodies identified are at elevations significantly below (100 to 200 m) the potential
repository horizon. Although other boreholes in the site area did not detect perched water, this
may be because they were not drilled to sufficient depth to intercept the geologic units where
perched water has been identified or because they were drilled with water or foam that obscured
the perched water when it was encountered. In all cases, accumulation of perched water seemsto
be caused by either the basal vitrophyre of the Topopah Spring Tuff or the vitric-zeolitic
boundary in the Calico Hills Formation acting in concert with a lateral structural barrier
(Rousseau et al. 1999, pp. 171 to 172). Although not detected in al boreholes, based on field
observations and the apparent prerequisite conditions, perched water beneath the site area seems
to be a common occurrence and is probably nearly everywhere near the base of the Topopah
Spring Tuff in the vicinity of the North Ramp (Rousseau et al. 1999, p. 170).

The following discussion summarizes aspects of the perched water occurrences relevant to
interpretation of their geochemical and isotopic constituents.

UZ-1 and UZ-14[1 These two boreholes penetrate perched water in Drillhole Wash about 190 m
above the water table (Rousseau et a. 1999, pp. 170 to 171). The top of the perched water is
within the lower nonlithophysal zone of the Topopah Spring Tuff (Tptpln) about 8 m (for UZ-1)
and 9 m (for UZ-14) above the contact with the crystal-poor vitric zone (Tptpv). Chemical
analysis of the water showed that it was contaminated by water used to drill G-1, a borehole
located about 305 m to the southeast (Whitfield et al. 1990, p. 6). During the drilling of G-1,

ANL-NBS-HS-000017, Rev 00 Page 47 of 156



approximately 8.7 million liters of drilling fluid was lost into the rock (Whitfield 1986, p. 418).
Pumping tests of UZ-14 indicated that this perched-water reservoir may be extensive (Rousseau
et al. 1999, pp. 170 to 171).

NRG-7al] This boreholeislocated in Drill Hole Wash. Water was first noticed in the borehole at
a depth of 461.3 m (Rousseau et al. 1999, p. 171), below the contact between the bedded tuff
(Tpbtl) and the crystal-poor vitric zone (Tptpv) at the base of the Topopah Spring Tuff. The
water level in the borehole then rose about 30 m to stand at a depth of 428 m (elevation of 855
m), which is 4 m above the base of the lower nonlithophysal zone (Tptpln). The perched water
was initially detected about 91 m above the predicted water table at this borehole (Ervin et al.
1994, Plate 1). The perched water was encountered near the contact of a series of highly fractured
welded tuffs overlying relatively unfractured, nonwelded tuffs. Thisis similar to the situation at
boreholes UZ-1 and UZ-14 where perched water may be entrapped in fractures while slowly
imbibing into the matrix of the less fractured, underlying rock unit.

SD-701 This borehole is located on the eastern slope of Y ucca Mountain near the ESF Main Drift
and near the southern extent of the potential repository area. Water was first observed during
coring at a depth of 488 m in the bedded tuffs (Tacbt) at the base of the Calico Hills Tuff
(O'Brien 1997, p. 23). Thislevel is 4.5 m above the top of the Prow Pass Tuff and about 150 m
above the regional water table. The perched-water level subsequently rose 8 m, apparently having
been confined by the low-permeability zeolitic materias in this interval (Rautman and Engstrom
1996b, p. 32). The stratigraphically complex bedded-tuff zone is a well-sorted vol canic sandstone
layer with argillically altered pumice in all layers, predominantly horizontal fractures, and some
lamination below 487 m (Rautman and Engstrom 1996b, p. 60).

SD-900 This boreholeislocated in Drillhole Wash. Standing water was first noticed at a depth of
about 449 m (Rousseau et al. 1999, p. 171). Television logs revealed that water was seeping
through a fracture into borehole SD-9 at a depth of 413 m (elevation of 890 m), which is 3 m
above the contact between the lower nonlithophysal unit (Tptpln) and the crystal-poor vitric unit
(Tptpv) of the Topopah Spring Tuff and about 157 m above the predicted regional water table
(Ervin et al. 1994, Plate 1). The perched-water reservoir is in fractured welded tuff (Tptpv)
underlain by less-fractured nonwelded and bedded tuffs that comprise the uppermost part of the
CHn. Because no pumping tests have been conducted on this perched-water reservoir, its areal
extent is uncertain.

SD-12[17 Although no perched-water reservoir of sufficient magnitude to cause standing water in
the borehole was detected during the drilling of SD-12 (Rautman and Engstrom 19964, p. 8), the
video-camera log of this borehole indicates that a perched-water zone of limited extent probably
is present in the densely welded vitric unit (Tptpv3) of the Topopah Spring Tuff, extending from
the top of this unit down to the base of the moderately welded vitric unit of the CHn (Rousseau et
al. 1997, p. 21). Perched water over this interval is aso indicated by the in-situ pneumatic-
pressure responses observed in the instrument station immediately below this zone. Fracture
densities measured for the core indicate intense fracturing within the lower nonlithophysal unit
(Tptpln) and sparse fracturing in the underlying crystal-poor vitric unit (Tptpv) (Rautman and
Engstrom 19964, p. 25).
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WT-2401 This borehole is north of the repository block, approximately 1.5 km north of UZ-14.
Based on saturation data, water appeared to be perched above either the moderately welded base
of the Topopah Spring Tuff (Tptpv2, depth to top of unit is 512 m) or the basal vitrophyre of the
Topopah Spring Tuff (Tptpv3, depth to top of unit is 524.5 m) (DTN: GS980708312242.011).
The perching layer was difficult to determine with more precision because of inadequate core
preservation for moisture analysis. The regional water table was encountered at a depth of 670
m. No published reports have discussed the nature of the apparent perched layer.

6.5.3 Major Constituentsin Unsaturated-Zone Pore Waters and Perched Waters

This section discusses the data available on the mgjor ion chemistry of pore waters and perched
waters in the unsaturated zone. Interpretation of the chemical data in a geochemical framework
is based largely on the groundwater chemistry discussion in Triay et al. (1997, Section Il).

The compositions of pore waters above the potential repository horizon are of significance to
transport modeling because they represent the types of waters that could enter the near field of
the potential repository. They are also significant because they can be used to constrain models
for the rock/mineral-water-gas interactions that occur in the soil zone and the unsaturated zone
above the potential repository horizon. Such models can be used to derive estimates of future
variations in unsaturated zone water chemistry. Data on mgor constituents can also be used to
evaluate potential flow paths for flow modeling.

Trilinear (Piper) diagrams are used to characterize the relative distributions of major cations and
anions in these waters as a function of their stratigraphic depths. Figures 12 through 16 present
such plots for pore waters from the PTn, TSw, and CHn hydrogeologic units, as well as from the
combined Prow Pass (Tcp), Bullfrog (Tcb) and Tram (Tct) lithostratigraphic units. Figure 17
presents a trilinear plot for perched-water samples. These plots are referenced in the subsequent
discussion of the geochemical evolution of pore fluids in the unsaturated zone.

Frequency histograms of chloride concentration data are plotted in Figure 18 for pore waters
from the Tiva Canyon welded (TCw), PTn, CHn, TCw and TSw hydrogeologic units. These
concentrations are compared against data for precipitation, surface waters, perched waters, and
saturated-zone waters in order to elucidate general trends.

6.5.31 Major-lon Chemistry

PTn Pore-water Chemistry—Pore waters extracted from bedded tuff of the PTn are calcium-
chloride or calcium-sulfate-type waters, i.e. samples plot near the top part of the diamond in a
trilinear diagram (Figure 12). This characteristic becomes more pronounced for samples collected
deepest within the PTn. Pore-water samples near the top of the PTn have not yet acquired the
calcium-chloride or calcium-sulfate signature (e.g., point H from UZ-14 and point Y from
UZ#16, on Figure 12).

TSw Pore-water Chemistry—Data for TSw pore waters are sparse due to the difficulty of

extracting sufficient water for analysis from densely welded core. In general, the waters have
equal quantities of Na and Ca, with negligible Mg; the dominant anion is bicarbonate, with a
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much smaller proportion of sulfate than istypical of PTn waters (Figure 13). Interms of relative
proportions of anions, the chemical composition of TSw waters is intermediate between those of
the PTn and CHn. The fields occupied by PTn, TSw, and CHn pore waters on atrilinear diagram
are distinctly different with only slight overlaps.

CHn Pore-water Chemistry—Pore waters extracted from the Calico Hills nonwelded unit are
sodium carbonate-bicarbonate-type waters that plot near the lower part of a trilinear diagram
(Figures 14, 15 and 16). Waters become more strongly sodium carbonate-bicarbonate types with
increasing depth within the Calico Hills Formation (compare Figure 14 to Figure 16).

Total Dissolved Solids—The total concentration of constituents in pore waters as shown by total
dissolved solid contents (Table 6) ishighly variable, and is often greater near contacts than in the
middle of stratigraphic units (Yang et al. 1996, p. 24). Unsaturated-zone pore waters from
surface-based boreholes have significantly larger concentrations of total dissolved solids than
either perched water (Tables 7 and 8) or saturated-zone water (Benson and McKinley 1985, p. 5).
The larger concentrations suggest either a greater degree of evapotranspiration near the surface
(e.g., for PTn pore-water samples from UZ-14), or a greater degree of rock-water interaction
which could indicate a prolonged contact of percolating water with silicate rocks.

Chloride and Sulfate Concentrations—Chloride and sulfate are generally conservative
constituents in oxidizing groundwater and hence are commonly used as indicators of water
origins, flow paths, and mixing. The concentrations of chloride and sulfate in many pore-water
samples from surface-based boreholes are one to two orders of magnitude greater than those of
either perched water or saturated-zone water. For example, chloride concentrations of deep
perched waters lie between 4.1 and 15.5 mg/L (Table 8) with a mean of 6.8 mg/L, which is
similar to that of the saturated zone water from the volcanic rocks beneath Y ucca Mountain (9.5
mg/L). In contrast, the chloride concentration of matrix pore water from surface-based boreholes
ranges from 10 to 245 mg/L with amean of 49 mg/L (calculated from datain Table 6). If matrix
pore water had contributed significantly to the perched-water bodies, the chloride concentration
of perched water should be similar to that of the pore water. The smaller concentration of
chloride in perched water implies that pore waters and perched waters have distinctly different
histories of geochemical evolution, undergoing different degrees of evaporation and/or of water-
rock interactions.

Figure 19 shows that sulfate concentrations are similarly elevated in PTn pore waters relative to
those for the other waters plotted. The higher proportions of chloride and sulfate concentrations
in PTn pore waters relative to the other waters at the site are also evident by comparing the
trilinear plot in Figure 12 to the trilinear plots in Figure 14 (upper Calico Hills pore waters),
Figure 15 (lower Calico Hills pore waters), Figure 16 (Prow Pass pore waters), and Figure 17
(perched waters).

Silica Concentrations—The frequency distribution for silica shown in Figure 20 indicates that
silicaislow in precipitation but substantially higher in surface waters. By the time precipitation
and surface waters infiltrate into the unsaturated zone, the silica concentrations have reached a
limit. This limit is presumably the result of saturation with a silica phase as discussed further in
Section 6.5.3.2.
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Major Cation Concentrations—The concentrations of sodium and calcium are also elevated in
pore waters relative to other waters at the site as shown in Figures 21 and 22. Sodium is elevated
in most of the pore-water samples whereas calcium is elevated only in the PTn and TSw samples.
The trilinear diagram for PTn pore waters (Figure 12) shows that PTn pore-water compositions
extend to higher calcium proportions than observed in either precipitation compositions (Figure
5) or surface-water compositions (Figures 8 and 9). This enhancement presumably reflects
water-soil/rock reactions that release calcium to solution preferentially to the release of sodium
and magnesium. The pore waters in the Calico Hills and Prow Pass units show high proportions
of sodium (Figures 14, 15 and 16). This shift in dominance from divalent to monovalent cations
primarily reflects the ion-exchange reactions with zeolites in the CHn unit. The zeolites
preferentially take up calcium and magnesium while releasing sodium to the water.

Vertical Trendsin lon Concentrations—The chemical composition of pore waters within the
nonwelded units does not change in a simple or predictable fashion in a given borehole.
Chloride and sulfate show large concentration changes within the CHn, even by as much as a
factor of two for samples separated by less than 0.5 m (e.g., compare two SD-7 samples from 791
m, three UZ-14 samples at 477 m, two WT-24 samples from 532 m, all in Table 6). Similar
large contrasts are noted for sodium and total carbonate within the PTn. If flow within these
units were dominated by vertical percolation of pore water, amonotonic increase in sodium and a
monotonic decrease in calcium should be noted in the CHn because of cation exchange by
zeolites (replacement of Nawith Caor Mg on ion-exchange sites). Although pore waters for SD-
9 show a continual increase in the sodium content with depth, the data set is limited to only four
samples. Data for UZ#16 show a decrease in calcium with depth, but changes are fairly erratic
and the concentration of calcium rebounds sharply at the top of the Prow Pass Tuff. The data,
therefore, suggest at least some component of lateral flow within the nonwelded units.

6.5.3.2 Geochemical Evolution

A convenient method for assessing the magnitude and direction of rock/mineral-water
interactions experienced by percolating infiltration waters transported through the soil and
unsaturated zones is to plot the concentrations of the major constituents in these waters relative
to a conservative constituent (that is, a highly soluble and nonsorbing constituent), such as
chloride, in an x-y plot. In the absence of other geochemical processes, evaporation or
transpiration of a given water sample will result in proportional increases in all constituent
concentrations, describing a linear trend in this plot starting at the origin. If processes other than
evapotranspiration significantly influence the concentration of a particular constituent, the
resulting data point will lie off the evapotranspiration trend. The selection of chloride as the
normalizing constituent for such a plot assumes that its concentration is not affected significantly
by leakage from fluid inclusions or by geochemical reactions along the flow path (Assumption 3
in Table 2).

Calcium and Bicar bonate—Plots showing the concentrations of calcium and bicarbonate versus
chloride for various pore-water, perched-water, and saturated-zone samples are presented as
Figures 24 and 25, respectively. Included on each plot is a regression line representing a least-
squares fit to the weighted annual precipitation data from the 3 Springs Basin monitoring sites
(regression lines from Table 5). These plots show that both calcium and bicarbonate
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concentrations in PTn pore waters generally plot on or below the evapotranspiration lines
(Figures 24a and 25d). This observation implies that calcium and bicarbonate were lost from
these waters relative to chloride. Given the fact that soils on Y ucca Mountain contain abundant
caliche horizons, this loss likely reflects the precipitation of calcite as the result of
evapotranspiration and possibly other reactionsin the soil zone.

Pore waters from the Calico Hills and Prow Pass units show even greater depletions of calcium
relative to the precipitation trend (Figures 24b and 24c). These greater depletions likely reflect
ion-exchange processes in which sodium in the ion-exchanger phase (for example, zeolite or
clay) was replaced by calcium from the water and vice versa. Unlike the PTn pore waters, many
of the Calico Hills and Prow Pass pore waters are enriched in bicarbonate relative to the
precipitation trend (Figures 25b and 25¢). This fact most likely reflects carbonic acid weathering
reactions which start with the dissociation of carbonic acid in the water as follows:

HoCO3 - H" + HCOg3 . (Egn 1)

Sodium—In the weathering of aluminosilicate rocks and minerals, weathering reactions include
the exchange of the hydrogen ions produced in the carbonic acid reaction with sodium or other
cations on the rock or mineral. This step leads to an increase in sodium as well as bicarbonate
concentrations in the water. The overall reaction is approximated as follows:

>SO-Na+ HoCO3 = >SO-H + Na' + HCO3 (Eqn 2)

where >SO is a mineral substrate with a surface-complexation site at which ions can be
exchanged. As shown in Figures 26b and 26¢, sodium concentrations in pore waters from the
Calico Hills and Prow Pass units generally plot well above the precipitation trendline. This result
is attributed to the sodium/hydrogen ion-exchange reaction and to ion-exchange reactions
involving calcium, magnesium, and sodium ion exchange on zeolites and clays. Assuming the
sodium/hydrogen ion-exchange reaction is accompanied by the formation of an equimolar
amount of bicarbonate, the increase in bicarbonate levels over and above the amount predicted by
the precipitation trend line (Figure 25b and 25c) would imply alarge proportion of theincreasein
sodium concentrations shown in Figure 26 is due to the sodium/hydrogen ion reaction.

In contrast to the increase in sodium relative to the precipitation trend line for the Calico Hills
and Prow Pass units, data for PTn pore waters (Figure 26a) plot below the regression line
calculated from the 3 Springs Basin precipitation data. As explained previously, sodium is
generaly leached from minerals and rocks during low-temperature weathering reactions. Such
leaching would lead to compositions that plot above the evapotranspiration line, not below it.
Furthermore, the PTn pore waters also have low values of bicarbonate relative to chloride (Figure
25d). These trends would seem to preclude reactions similar to that proposed above for the
Calico Hills and Prow Pass units to explain the geochemistry of pore waters for the PTn.
Analytical error is not considered a likely explanation for the Na vs. Cl trend because of quality-
control measures and because nearly al the samples plot below the line, implying they would all
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have to be in error, and because the charge balances for the analyses generally agree within £10%
(Table 6, last column).

Severa explanations could account for the observed Naversus Cl trend in the PTn pore waters.

* The average Na/Cl ratios in precipitation may have been lower in the past (i.e., closer to the
halite line) than those measured in the 3 Springs Basin samples at the present day. This
possibility is supported by the fact that the weighted-average Na/Cl ratio in precipitation at
the Red Rock site near Las Vegas (1.1 molar ratio) is about half of that for the 3 Springs
Basin data (2.4 molar ratio). (The Red Rock N&/Cl ratio is calculated from precipitation-
weighted average annual Na and Cl concentrations using data reported in DTN:
LAOOO3JF12213U.001. The 3 Springs Basin Na/Cl ratio is calculated from precipitation-
weighted average annual Na and Cl concentrations using summary data shown in Table 5.)

* Sodium may be taken up by some sort of rock-water interaction not generally considered.
However, smectites in the PTn are generaly low in sodium and high in potassium and
calcium. Although present in the PTn, zeolites do not appear to be particularly common in
this unit, and limited analytical data also show them to be calcium-rich.

*  Sodium may have been sequestered in the soil zone as some other sodium salt such as sodium
sulfate.

The last hypothesis is the preferred one, insofar as it also accounts for the observed depletion in
sulfate relative to chloride for PTn pore waters (Figure 27a).

Sulfate—Like chloride, sulfate is considered to be a generally conservative constituent in dilute
oxidizing waters such as the unsaturated-zone pore waters in Yucca Mountain. However, as
shown in Figures 27a, 27b, and 27c, unsaturated-zone pore waters show sulfate-to-chloride ratios
consistently lower than the ratios observed in recent precipitation. Because all the unsaturated-
zone pore-water analyses are grossly undersaturated with chloride phases and with gypsum and
other possible sulfate phases involving the major cations, it is unlikely that solid chloride or
sulfate phases are precipitated in the unsaturated zone (Triay et al. 1997, p. 29). Although
anthropogenic sulfate may have elevated the modern-day SO./CI ratio in precipitation, the data
used to calculate parameters of the precipitation regression line do not appear to have been
significantly influenced by this source because perched waters and saturated-zone waters plot
near the precipitation regression line (Figure 27d).

Drever and Smith (1978, p. 1452) presented a model that offers one potential explanation for the
low sulfate-to-chloride ratios in the unsaturated-zone pore waters (Triay et al. 1997, p. 29). Their
model involves drying and wetting cycles in the soil zone. During the drying phase,
concentrations of dissolved solutes are increased in soil waters by evapotranspiration to the
degree that phases such as calcite, gypsum, silica, and the more soluble salts precipitate. During
occasional heavy rains, the phases precipitated during the drying phase are partialy redissolved.
Because the dissolution rates for highly soluble salts, such as sodium chloride, are higher than the
rates for less-soluble salts, such as calcite, gypsum, and silica, a portion of the less-soluble salts
may remain undissolved after the occasiona heavy rainsinfiltrate through the soil zone. Interms
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of sulfate and chloride concentrations, this process could lead to soil waters with lower sulfate-
to-chloride ratios than those observed in precipitation. The actual concentrations of sulfate and
chloride in these waters would depend on the details of the processes involved, including the
dissolution kinetics of the sulfate and chloride phases, the residence time of the waters in the soil
zone, and the original masses of sulfate and chloride in the soil zone.

An dlternative hypothesis to account for the low sulfate-to-chloride ratio is the microbial
reduction of sulfate ionsin the soil (e.g., initially to hydrogen sulfide, or more likely to a mixture
of organic sulfides such as methyl disulfide and dimethyl disulfide). These volatile compounds
are commonly produced in soils and are readily lost to the atmosphere. However, decreased
SO,/Cl are not observed in up-gradient saturated-zone waters. Because up-gradient waters
recharge in regions with more vegetation and wetter soils, one might expect the likelihood of
microbia reduction of sulfate to be even greater for those waters than for infiltrating waters at
Y uccaMountain. Hence, this hypothesisis considered improbable for the Yucca Mountain site.

Although differences in the dissolution kinetics of sulfate and chloride salts may be part of the
explanation for the low sulfate-to-chloride ratios in pore waters from the unsaturated zone at
Yucca Mountain, these differences are likely augmented, and perhaps even dominated, by
crystallization-sequence effects. For example, it is possible that mineras (such as calcite and
gypsum) that precipitate from evaporating soil pore waters early in a crystallization sequence, are
partially or completely sequestered by minerals that precipitate later in the sequence (such as
being coated by opal-A). Alternatively, early crystallized phases may completely fill smaller
pores in the rocks and, therefore, be less accessible to infiltrating waters than minerals
crystallized later in the sequence in larger pores (for example, Chadwick et al. 1987, p. 975).
During subsequent infiltration events, the latest-formed phases in pores accessible to infiltrating
waters would preferentially dissolve, leading to soil solutions enriched in the more soluble salts
relative to the less soluble salts.

Silica—A plot of silica versus chloride concentrations in pore waters, perched waters, and
saturated-zone waters is shown in Figure 28. Most of the water samples from the Yucca
Mountain area plot above the precipitation trend line. This result suggests that a process other
than evapotranspiration is contributing to the increase in silica concentrations in these waters.
According to Gifford and Frugoli (1964, pp. 386 to 388) and Chadwick et al. (1987, p. 977),
silicais added to soil waters as aresult of the dissolution of opaline silicain soil horizonsin arid
regions. This explanation would be consistent with the presence of opa in the soils of Yucca
Mountain and opal deposits on fracture surfaces exposed in the ESF (section 6.11.1). Itisaso
consistent with the fact that surface waters have much higher silica concentrations than
precipitation compositions (Figure 20).

Perched Water—Perched-water compositions are generally distinct from the compositions of
pore waters athough they are very similar to saturated-zone water compositions (Section 6.8).
These relationships are readily seen by comparing the trilinear plots of each category of water:
perched water (Figure 17), unsaturated-zone pore waters (Figures 12 to 16), and groundwater
from the saturated zone (Figure 48). The similarity of perched and saturated-zone water
compositions suggests that these waters are subject to similar water-rock interactions. As
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discussed in Section 6.8, these reactions predominantly involve mineral/rock dissolution and ion
exchange.

pH—pH values shift from slightly acidic values for precipitation (pH 6), to increasingly basic
values with depth in the unsaturated zone (pH 9 for the deepest pore-water samples, Table 6)
(Figure 23). Controls on pH in ambient unsaturated-zone pore waters and perched waters are
dominated by the carbonic-acid system and the interaction of hydrogen ions with the host
rock/mineral. As discussed above, hydrogen ions can replace sodium ions in the host
rock/minera (for example, volcanic glass, feldspar) under most conditions. As hydrogen ions are
used up, carbonic-acid dissociation produces additional hydrogen ions and bicarbonate ions. |If
hydrogen/sodium exchange is inhibited, the pH of a given pore-water sample will depend
primarily on the partial pressure of carbon dioxide in the gas phase in contact with the water and
on whether or not the gas phase has equilibrated with the water phase. This process will buffer
the pH of the (dilute) pore waters at near-neutral levels. If both the carbonic-acid dissociation
and hydrogen/sodium exchange reactions are important, the control of pH becomes a kinetic
problem. For example, if the rate at which hydrogen ions react with the host rock is fast relative
to the rate at which the carbon-dioxide partial pressure changes or the rate at which the carbon
dioxide in the gas phase equilibrates with the water phase, the pH of the water phase could
increase above the equilibrium level for the carbon-dioxide partia pressure of interest.
Conversdly, if the hydrogen reaction rate is slow relative to the carbon-dioxide equilibration rate,
the pH of the water phase would more directly reflect the carbon-dioxide partial-pressure
variations.

Because the sodium-versus-chloride concentration data for pore waters from units above the
Cdico Hills nonwelded (CHn) unit (Figure 26) suggest little or no evidence for the
hydrogen/sodium ion-exchange reaction, the pH of these pore waters likely is controlled in part
by the carbon-dioxide partia pressure with which they are in contact. Measured pH values in
PTn pore waters average 7.2. In contrast, the CHn pore waters and perched waters show clear
evidence of sodium/hydrogen ion exchange. The average pH values for these waters are 8.1 for
perched water, 8.3 for pore waters from the CHn unit above the Prow Pass Tuff, and 9.0 for pore
waters from the Prow Pass Tuff and below. Analytical uncertainties in pH measurements are
about ""0.2 to "'0.3 pH units. Whether the higher pH values for deeper samples reflect the
cation/hydrogen-ion exchange rate or ssmply alower partial pressure of carbon dioxide in the gas
phase has not yet been resolved athough there may be sufficient CO, gas data available to do so.
However, it is aso possible that the pore-water pH changes when it is exposed to air during
sample collection, or that it is affected by the compression of the rock during the pore-water
extraction process; both processes could vary according to rock type.

Redox State—The oxidation/reduction state of unsaturated-zone waters is likely dominated by
the presence of oxygen in the unsaturated-zone gas phase. At the two locations where such
measurements have been made, the unsaturated-zone gas phase has atmospheric levels of
oxygen: 21% reported for UZ-6S gas in Thorstenson et a. (1990, p. 256); and 18.5 to 21.1%
reported for UZ-1 gas (DTN: GS991299992271.001, data sets 9507----2271.002 and 9512----
2271.010; dlso Yang et al. 1996, p. 42). These results confirm that unsaturated-zone pore waters
would generally be oxidizing. Measured Eh would typicaly be high (400 to 600 mV) even
though in low-temperature natural systems this value does not always indicate equilibrium
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insofar as some oxidation/reduction reactions may not have gone to completion. It is possible
that lower oxidation/reduction potentials could be present locally (that is, in microenvironments)
asaresult of microbial activity or the presence of areducing compound (for example, pyrite).

Microbial Activity—The influence of microbes on the chemistry of waters in the unsaturated
zone is not well defined. At a minimum, microbes could produce organic acids and locally alter
pH and oxidation/reduction states. Microbia activity could also affect concentrations of sulfate,
bromide, and other dissolved species, as well as fractionate isotopes of light elements such as
carbon. According to Kieft et al. (1997, p. 3128), microbial cell counts and microbial biomasses
were low at all the locations sampled in the ESF. Kieft et a. (1997, p. 3128) suggest that this
result was likely due to low water contents and low nutrient availability. However, they note that
the potential for microbial activity was high. That is, microbial populations were present but not
active. They concluded that if sufficient water and nutrients were added to the system, microbial
populations could increase dramatically.

6.5.4 Representativeness of Available Data

The data available on pore-water and perched-water chemistry are limited in several ways. First,
complete pore-water analyses are available mainly for those horizons in Yucca Mountain that
contain nonwelded tuffs with relatively high porosities. Very few complete pore-water analyses
are available for well-indurated, low-porosity rocks (for example, welded tuffs in the repository
horizon). Second, pore-water and perched-water analyses are only available for samples from a
limited number of boreholes (Table 3). Third, the procedure for extraction of water from the
pores may have an impact on the water chemistry. For example, the release of carbon dioxide
from pore-water samples could change the pH of the samples. Similarly, the pH of perched-
water samples could shift due to degassing as the bailer is brought to the surface or at the pump
outlet.

Despite these restrictions, the major ion chemistry of the pore waters is sufficiently consistent
and the controls on this chemistry are sufficiently well understood that bounds can be placed on
the likely range of variations to be expected. An important parameter in estimation of these
bounds is the net infiltration rate (that is, the degree of evapotranspiration) over the period of
interest. Bounds on the pH of the pore waters are more difficult to derive because the variations
in carbon-dioxide partia pressures within the unsaturated-zone gas phase are not well defined at
the present time. However, model calculations assuming saturation with calcite would alow this
parameter to be bounded. Lower bounds on the oxidation/reduction state cannot be derived
without additional field data.

The compositional variations of pore waters and perched waters in the unsaturated zone at Y ucca
Mountain reflect a variety of infiltration rates, rock-water interactions, gas-water interactions,
and other effects. The range of these processes and effects will likely not change greatly within
the potential range of climatic regimes likely to affect Yucca Mountain. What may change is the
relative importance of these processes and effects. For example, under climatic regimes
involving higher infiltration rates, the ion-exchange processes represented by pore waters from
the Calico Hills nonwelded unit and by the perched waters may become more dominant. This
scenario would result in more dilute pore waters with higher proportions of sodium ions and
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possibly higher pH. However, as these types of waters are present in the ambient system, they do
not present an unanticipated change in water chemistry.

6.6 1SOTOPIC COMPOSITION OF FLUIDS

The purpose of this section is to summarize available agueous-phase isotopic data for
precipitation, surface waters, pore waters and perched waters recovered from the unsaturated
zone, and groundwaters. These data provide constraints for water and solute transport rates and
mechanisms. Examples of specific issues addressed by these data include spatial and temporal
variability in net fluxes, latera diversion in specific stratigraphic units, role of faults in
controlling flow paths, fracture-matrix interactions, and distribution of water travel times.

The types of isotopic data available for borehole samples from the unsaturated zone are presented
in Table 3. Borehole and tunnel acove locations are plotted in Figures 3 and 4.

6.6.1 Overview of |sotopic Methods

Isotopes measured in unsaturated-zone fluids as part of YMP site characterization activities fall
into five general categories as described below. It would be incorrect to assume that the various
methods in each category provide redundant information. Rather, each method yields very
different types of information (see reviews of isotopic methods in IAEA 1983, sections 5 to 8,
10, 11 and 13; Davis and Murphy 1987, pp. 4 to 9; Clark and Fritz 1997, Chapters 1, 7 and 8).
Hence, a large suite of different approaches has been critical to the development and testing of
conceptual models for flow and transport through the unsaturated zone at Y ucca Mountain.

Anthropogenic Material—This category of environmental tracers includes radioactive species
present in globa fallout from nuclear weapons testing and from releases from nuclear-fuel
reprocessing plants. Tritium, **C, and *Cl produced in the atmosphere during above-ground
nuclear testing activities, primarily between 1952 and 1963, have been widely used in hydrologic
studies. The presence of these nuclides above background levels in subsurface fluids is generally
accepted as a clear indication that some proportion of the water was transported to that depth in
less than 50 years. If the sampled depth is more than a few meters in an arid environment, the
presence of global fallout nuclides implies a component of fracture flow. Hence, these isotopic
data provide a means for constraining the extent to which solute transport is retarded by diffusion
from fractures into the adjacent matrix. Fission products **Tc and **°I in a subsurface sample
(above natural background) would also provide a clear indication of a component of recent water.
However, a robust anaytical protocol for these species in unsaturated-zone fluids has not yet
been developed. Other radionuclides in global fallout, such as **’Cs and plutonium isotopes,
sorb strongly onto most mineral surfaces and hence are largely immobilized in the near-surface
soil. Tritium, **Cl, and **C data acquired as part of the YMP site characterization activities are
discussed in Sections 6.6.2, 6.6.3, and 6.6.4, respectively. Fluorocarbon compounds have aso
been used as tracers of gas movement at Yucca Mountain but are not discussed in this report
because their primary use is to characterize how the presence of boreholes can ater natura gas
flow patterns and rates (Thorstenson et al. 1998, p. 1507).
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Atmospheric Radionuclides—Tritium, **Cl, and *C also exist naturally in the atmosphere as
the result of the interactions of cosmic rays with atmospheric gases. To the extent that the
original concentrations at the surface can be reconstructed, these nuclides are useful indicators of
water residence times, with water ages based on the extent of radioactive decay of the
atmospheric component. As part of YMP site characterization activities, **C and *°Cl have been
used to constrain water age estimates. Chlorine-36 and **C data acquired as part of the YMP site
characterization activities are discussed in Sections 6.6.3 and 6.6.4, respectively.

Climatic Reconstr uction—Stabl e isotopic compositions of hydrogen and oxygen can be used to
infer paleoclimatic conditions. Hydrogen and oxygen isotopic analyses of water samples acquired
under Yucca Mountain site characterization activities are summarized in Section 6.6.5. Noble
gases are another indicator of the paleotemperature of recharge waters but are relevant mostly to
saturated-zone water and have not been measured in Y MP site characterization activities.

Water-Rock I nteractions—Groundwater is commonly out of chemical and isotopic equilibrium
with the rocks through which it moves (Davis and Murphy 1986, Section 8). The extent of
disequilibrium provides a qualitative method for establishing flow paths and flow chronologies.
Furthermore, if the kinetics of chemical or isotopic exchange between the water and mineras
along its flow path are sufficiently well known, then semi-quantitative estimates of water travel
times may be possible. Sections 6.6.6 and 6.6.7 address the hydrologic implications of trends
observed in isotopic ratios for strontium and uranium in pore waters.

Dating of Secondary Fracture Minerals—Waters percolating through the unsaturated zone at
Y ucca Mountain deposit secondary minerals in areas where solutions exceed chemical saturation
with respect to various mineral phases, most commonly calcite and opa (Paces, Neymark et al.
1998, p. 36). These minerals provide evidence of past percolation flow paths and preserve
physical and isotopic records related to fracture solutions). As part of site characterization
activities, measurements of *“C activities, “°Th/U activity ratios, and *°’Pb/>°U ratios were
obtained to provide the basis for estimating mineral formation ages. These age data, combined
with the physical and isotopic data, can be used to derive constraints on water flow through the
mountain (Section 6.10.3).

6.6.2 Tritium

Primary input data used to characterize the distribution of tritium in the unsaturated zone at
Y ucca Mountain, which provide a basis for water travel time estimates, are listed in section 4.1.5.
Assumption 4 in Table 2 appliesto discussionsin this section.

6.6.2.1 Background

Natural tritium (®H or T) is produced in the upper atmosphere by the bombardment of nitrogen by
the flux of neutronsin cosmic radiation (Clark and Fritz, 1997, p. 174):

“N+,n0 2C+H (Egn 3)

where nisaneutron. Once produced, tritium oxidizes rapidly to tritiated water (HTO). Transfer
of tritium to the troposphere occurs during spring in mid-latitude zones. Tritiated water has a
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short residence time in the troposphere (less than one year) and is eventually removed from the
atmosphere in precipitation or through isotopic exchange. Historical concentrations in rain water
in the middle latitudes have been estimated to be on the order of 10 tritium units (TU) with one
TU being equal to one tritium atom per 10*® atoms of *H and corresponding to 3.19 pCi/L (IAEA
1983, p. 58). Tritium values in precipitation prior to the 1950's were between 2 and 25 TU
(Yang et a. 1996, p. 51). Because of the relatively short half-life of tritium (12.3 yr, Parrington
et al. 1996, p. 18), groundwater infiltrating prior to 1952 with an initial tritium content of 10 TU
would have a present-day tritium content of 0.7 TU or less.

Above-ground testing of nuclear devices in the Northern Hemisphere between 1952 and 1963
produced significant amounts of tritium in the Earth’s atmosphere. Tritium from powerful
thermonuclear blasts was injected into the stratosphere during that time. Bomb-pulse tritium
overwhelmed natural background levels by as much as several orders of magnitude (Figure 29).
Peak concentrations in precipitation, expressed as annual precipitation-weighted averages, were
reached in 1963 when the annual average measured values at Albuquerque, NM, and Salt Lake
City, UT—the two stations probably most representative of fallout at Yucca Mountain—were
about 1,900 TU and 3,600 TU, respectively (IAEA 1981, pp. 134 and 154). Seasonal variations
in post-bomb tritium concentrations in precipitation are quite significant (Davis and Murphy
1987, pp. 36 to 37; Clark and Fritz 1997, pp. 177 to 178). These variations are caused by
changes in atmospheric circulation between the troposphere and the stratosphere, which is a
major reservoir of tritium. During the early 1960’s in the Northern Hemisphere, early summer
maximaat many monitoring locations were ten times as large as the winter minima. Even in the
early 1980’s, 20 years after the cessation of atmospheric nuclear tests, summer maxima were still

more than twice winter minima a many stations. Consequently, the seasonal timing of
precipitation is a critical determinant of the magnitude of the tritium signal introduced into the
subsurface.

A nuclear-test ban treaty signed in 1963 largely stopped further nuclear testing activity in the
atmosphere, although some small atmospheric releases of tritium continued from nuclear reactors
and testing by countries that had not signed the treaty (Carter and Moghissi 1977, p. 58). Tritium
concentrations have gradually decreased since 1963 to about 10 to 40 TU measured in
precipitation at the Nevada Test Site between November 1983 to June 1985 (DTN:
(GS920908315214.032). Precipitation samples from 3 Springs Basin in Central Nevada, slightly
north of the Nevada Test Site, showed slightly lower tritium concentrations in samples collected
between 1985 and 1991, ranging from 19 to 71 pCi/L (6 to 22 TU) (McKinley and Oliver 1994,
pp. 27 and 74). Annua mean values and monthly maximum values for monitoring stations in
states surrounding Nevada likewise were in this range (i.e., till elevated above pre-1952
background levels) during 1988 to 1993 (Yang et a. 1996, p. 51). In the winter of 1992, the
tritium content of surface runoff collected from several sites in the vicinity of Yucca Mountain
ranged from 19 to 33 pCi/L (6 to 10 TU) (Emett et a. 1994, p. 550; Savard 1996, p. 28); values
of tritium during the winter are typically the lowest of the year.

It is possible that venting of tritium from subsurface nuclear detonations on the Nevada Test Site
may also have contributed to tritium in precipitation a Yucca Mountain. For example, the
Project Plowshare Schooner event on December 8, 1968, was a shallow cratering experiment
conducted in Area 20 (Pahute Mesa, shown on Figure 2) of the Nevada Test Site, about 40 km
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due north of Yucca Mountain, and was known to have vented tritium to the atmosphere (EPA
1971, pp. i, ii, 34 and 42). Immediately following the event, tritium concentrations of 5,200 to
10,000 pCi/L (1,630 to 3,135 TU) were reported for snow samples from three sites in Nevada.
However, trgjectories for this particular event were mostly northerly and northeasterly, such that
Y ucca Mountain precipitation was unlikely to have been influenced by it.

The extent to which detectable quantities of tritium enter the subsurface is dependent upon the
gpatial and temporal variations in precipitation. |If precipitation is insufficient to lead to net
infiltration following a storm event, then the tritium is lost back to the atmosphere by
evapotranspiration. Consequently, because 1958 to 1964 experienced below-average levels of
precipitation at Yucca Mountain (Precipitation Station 4JA) (French 1985, pp. 52 to 56), it is
entirely possible that much of the peak tritium concentrations were never transported into the
bedrock at Yucca Mountain. In this regard, the behavior of tritium as a tracer of modern water
differs substantially from that of *°Cl. In the latter case, al global falout *Cl eventualy is
carried into the subsurface.

6.6.2.2 Statistical Analysis of Tritium Data

As part of YMP site-characterization activities, tritium has been analyzed in over 800 pore-water
fluids extracted from unconsolidated material in shallow surface-based boreholes, from drill core
from deep surface-based boreholes, and from ESF drillholes. Analyses are also available for
water samples bailed and pumped from perched-water bodies (Table 9) and from the saturated
zone. Detectable levels of tritium have been observed in the Bow Ridge fault zone in ESF
Alcove 2 and in pore waters extracted from core samples from surface-based boreholes. These
detections occur within the TCw, PTn and TSw, and also in some samples from the CHn, as deep
as the Prow Pass member of the Crater Flat Tuff.

Because of the implications of post-bomb tritium for the presence of fast transport paths and
large fracture fluxes, it is important to define the threshold at which a given signa can be
considered as being above background. Although the analytical uncertainty is 4 TU (for 1-
sigma) based on counting statistics, other factors contribute to a larger uncertainty in the
measured value. For this analysis report, Chauvenet's criterion for identifying outliers was the
basis of the statistical test used to establish the cutoff tritium value above which a sample result
is considered to be elevated over background (Bevington and Robinson 1992, p. 58), i.e., the
minimum tritium activity that would indicate the presence of bomb-pulse water in asample. The
approach taken in this report is to rank the tritium data from lowest to highest value and to
calculate a cumulative average and standard deviation for each step of the ranking. One then
calculates the number of standard deviations that the highest-value data point lies above the mean
as each new data point is included in the cumulative average. These standard deviations are
plotted in Figure 30, in which they are compared against Chauvenet's criterion for identifying
outliers (solid line) as afunction of ranking. This criterion states that a data point is an outlier of
a Gaussian (normal) distribution if the probability of such a value being that far from the
cumulative mean of the ranked data set is less than 0.5% (Bevington and Robinson 1992, p. 58).
The plot of sample standard deviations versus sample rank (Figure 30) varies smoothly within
the region of background. Sample 730, with 25.7 TU, exceeds the cumulative mean of 5.3 by 3.4
standard deviations, which exceeds Chauvenet's criterion for identifying statistical outliers for a
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population of this size. Hence, al values above 25 TU (the value for the preceding sample) are
considered to lie outside the range of the population of background samples. The limitation of
this approach is that “background” in this case includes post-bomb waters which have returned to
pre-bomb tritium levels. A more appropriate statistical analysis would compare the sample data
against the results obtained for analytical blanks since the objective is to identify the presence of
any tritium with non-zero concentrations as indicative of any component of water less than 50
years old, post-bomb as well as bomb-pulse.

Following this simple statistical analysis, Table 10 summarizes the distribution of pore-water
samples in each borehole, according to the total number of samples anayzed for each
hydrogeologic unit and the number that exceeded the threshold of 25 TU. Of the 718 samples
included in this summary table, 51 had tritium contents above 25 TU. These individual samples
arelisted in Table 11. These tritium results are summarized below.

6.6.2.3 Summary of Tritium Data

The following discussion summarizes tritium data for drillcore samples from surface-based and
ESF boreholes, with respect to the identification of samples containing bomb-pulse tritium
(Tables 10, 11 and 12).

TCw samples] Some of the highest tritium concentrations at Y ucca Mountain were in TCw
samples from the vicinity of the Bow Ridge fault zone. Samples were collected from drillhole
HPF#1, which was drilled into the fault zone from the ESF Bow Ridge Fault Alcove (Alcove
#2). A concentration of 155 TU was measured for pore water 3.4 m west of the fault within the
pre-Rainier Mesa Tuff (LeCain et al. 1997, p. 40). Vauesof 118 and 128 TU were found in pore
waters within the fault breccia.  The high values indicate minimal mixing of the percolating
fluids with older fluids and may be a consequence of the width of the fault zone at the surface,
the lack of aluvium up-slope from the fault, and the shallow depth of the fault where sampled
(approximately 20 to 30 m).

None of the 40 TCw samples from seven surface-based boreholes included in the Table 10
summary showed tritium levels above 25 TU.

In UZ#5, a zone of samples with levels above 30 TU occurred in the interval of 28.3t0 36.7 m, at
the base of the Tiva Canyon unit, with a peak of 75 TU (corroborative data, Table 12).
Collection of these data preceded the establishment of the Y MP quality assurance program.

PTn samples] Bomb-pulse tritium was detected in PTn samples from two out of 10 surface-
based boreholes. One UZ#16 sample from the Tpcpv2 (48 m), near the top of the PTn, contained
148.5 TU. Five of the 13 PTn samples from NRG-6 contained tritium above 25 TU; these were
from the Tpp and Tpbt2 units and spanned a 55-ft intervd. In UZ-14, one out of 35 PTn samples
contained tritium above the threshold (32 TU in a Tpp sample).

No bomb-pulse tritium was detected in the 104 PTn samples from NRG-7a, UZ-7a, SD-6, SD-7,
SD-9, SD-12, or UZ-1, nor in the 3 PTn samples from ESF Alcove 3. PTn samples from three
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ESF South Ramp drillholes (at stations 6720, 6721 and 6679) also were below the threshold
(corroborative datain DTN: GS990183122410.001).

A cluster of four PTn samples with levels of 38 to 45 TU occurred in the interval of 44.8 to 49.5
m in UZ#4, within and below the Y ucca Mountain unit (corroborative data, Table 12). Collection
of these data preceded the establishment of the Y MP quality assurance program.

T Sw samples] Bomb-pulse tritium was detected in TSw samples from five out of 10 surface-
based boreholes, representing nearly 10% of the 244 samples from this unit. Half of the bomb-
pulse results were in UZ#16 samples, in which tritium peaks were observed at several depths: 80
m, 204 m, and the interval of 317 to 357 m. Seven out of 10 WT-24 samples from the Tptpv3
unit contained 26 to 50 TU (depth interval, 1689 to 1703 ft). SD-6, which is located in the
bottom of asmall wash, had a cluster of elevated tritium values (27 to 30 TU) from a 3-ft interval
in the Tptpln at a depth of about 1440 ft. Single occurrences of bomb-pulse tritium were
detected in UZ-1 (28 TU at 621 ft) and NRG-7a (47 TU at the top of the TSw at 357 ft).

No bomb-pulse tritium was detected in 7 TSw samples from the drillhole transecting the Ghost
Dance fault in the Northern Ghost Dance Fault Access Drift (Alcove 6) (DTN:
(GS970283122410.002), despite the fact that elevated levels of *°Cl were measured in Alcove 6
(see section 6.6.3). This negative result is corroborated by analyses of 9 other samples from this
drillhole (DTN: GS9901083122410.001).

Seventeen samples from ESF boreholes were analyzed following isotope enrichment, resulting in
analytical uncertainties of £0.2 TU or less, more than an order of magnitude lower than analytical
uncertainties for conventional counting without enrichment. Of this set, the highest tritium
activity was 1 TU in ESF-SR-MOISTSTDY #7; other samples were from ESF Alcove #6, ESF-
NDR-MF#1, South Ramp holes #1, 2, 5, 6, and 7, and North Ramp holes #4, 13 and 16 (DTN:
(GS990183122410.004). Because of the potential for isotopic exchange with tunnel air, this
result is not considered to indicate the presence of bomb-pulse or post-bomb tritium

CHn unit above the Prow Pass[] Of 144 CHn samples above the Prow Pass from seven
surface-based holes, bomb-pulse tritium was detected in two samples from UZ#16 (about 43 and
104 TU), separated by 37 ft.

Prow Pass Tuff(] In the Prow Pass portion of the CHn at about 1752 ft (30 to 43 TU). One
sample from the Prow Passin SD-12 contained 39 TU (Table 11). All tritium analyses from SD-
7 and SD-9 are less than 25 TU.

Perched water [J Isotopic compositions have been measured in perched water from four Y ucca
Mountain boreholes (Table 9). None of the tritium analyses were above the 25 TU threshold
indicating the presence of bomb-pulse tritium.

SummaryO Tritium data for some of the unsaturated-zone boreholes show severa inversionsin
which samples with larger tritium concentrations occur below background values in a vertical
profile (Yang et al. 1996, p. 31). These inversions suggest that vertical water percolation through
the rock matrix is not the predominant flow mechanism in the unsaturated zone for all
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stratigraphic units at Y ucca Mountain. The occurrence of detectable tritium in waters below non-
tritium-bearing water (and hence older water) in a vertical profile is strong evidence for the
occurrence of fracture and lateral flow at Y ucca Mountain.

6.6.3 Chlorine-36

Primary input data used to characterize the distribution of chlorine-36 at Y ucca Mountain, which
provides a basis for water travel time estimates, are listed in section 4.1.6. Assumptions 5, 6 and
7in Table 2 apply to discussions in this section.

6.6.3.1 Background

Measurements of chloride (CI") concentrations and *°CI/Cl for salts extracted from water, soil,
and rocks have been used to provide information on characteristics of water movement and
solute transport through the unsaturated zone at Y ucca Mountain (Fabryka-Martin, Wolfsberg et
a. 1997, pp. 75, 77 to 79; Fabryka-Martin, Wolfsberg, Levy, Roach et al. 1998, p. 93; Fabryka-
Martin, Wolfsberg, Roach et a. 1998, p. 264; Wolfsberg et al. 1998, p. 81). Chlorine-36 is a
radioactive isotope of chlorine, with a half-life of 3.01 x 10° years (Parrington et al. 1996, p. 22),
and in nature, it occurs primarily as the chloride anion. As such, it is relatively inert in the
subsurface environment and behaves conservatively. This radionuclide is present in infiltrating
waters as a natural tracer produced mainly in the upper atmosphere by the bombardment of argon
gas by cosmic radiation (Clark and Fritz, 1997, p. 232):

“Ar + p0 *Cl +n+a

(Ean 4)
®Ar+n0*Cl+p
where n = neutron, p = proton, and ** = apha particle. Common Cl in the atmosphere is aso
irradiated by the atmospheric neutron flux to produce Cl and gamma radiation:

®Cl +nd *Cl +y (Egn 5)

The relatively long half-life of *Cl theoretically permits the detection of travel times up to
severa hundred-thousand years. To normalize the data for the variable effects of
evapotranspiration, the *Cl concentration is generally reported relative to that of stable CI".
Expressed in this manner, the present-day background level of *°CI/Cl is 502 (+ 53) x 10
(Table 25, discussed in Section 6.9.2.3).

Globa fallout from thermonuclear tests conducted primarily in the Pacific Proving Grounds
resulted in a *°Cl “bomb pulse” with maximum meteoric ratios in excess of 200,000 x 10
(Figure 29). These extremely high values were diluted by mixing processes in the soil zone and
subsurface and are not observable today. Nevertheless, high *CI/Cl (those greater than about
1250 x 10™) indicate some bomb-pulse component, and their appearance in an environmental
sample signals the presence of at least a small component of bomb-pulse *Cl. Present day
%Cl/Cl in surface soils at Y ucca Mountain are generally in the range of 1500 x 10™ to 3000 x
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10" (CRWMS M&O 1998, p. 3-5). In subsurface water, high ratios suggest travel times from
the ground surface of 50 years or less.

Although the existence of bomb-pulse **Cl enables the study of solute transport with travel times
of 50 years or less, the natural cosmogenic background permits analysis of much longer-term
transport processes. However, the use of **CI/Cl for dating older waters is not as straightforward
as the case for bomb-pulse signals due to the time-varying input signal. Both theoretical
considerations as well as measurements of soil profiles and fossil urine from ancient pack-rat
middens support the hypothesis that the present-day background ratio has remained relatively
constant during the Holocene (last 10 ka) (Plummer et al. 1997, Figure 3B). Expected lower
rates of stable Cl deposition during the Pleistocene (10 ka to 2 Ma), in combination with higher
rates of cosmogenic *Cl deposition as a result of Southern shifts in the jet stream, would have
led to higher local meteoric *°Cl/Cl, relative to those that were present throughout the Holocene
(Plummer et a. 1997, p. 540). Superimposed on this effect are varying atmospheric *°Cl
production rates caused by variations in the Earth’s geomagnetic field. Based on these two
factors, the meteoric *°Cl/Cl at Yucca Mountain has been reconstructed for the last 1.8 Ma
(Fabryka-Martin, Wolfsberg et al. 1997, pp. 4 to 5). Analyses of *CI/Cl in pack-rat midden
samples dated by the *C technique are generally consistent with the reconstruction, although
these data can only cover the last 40 ka due to the comparatively short half-life of **C (Figure
31).

Chlorine-36 is aso produced in rocks due to alow but ubiquitous neutron flux resulting from the
decay of uranium and thorium isotopes and their daughters, but these background levels are low
relative to those that have been measured in Yucca Mountain water samples (Fabryka-Martin,
Wolfsberg et a. 1997, pp. 8 and 13, and Table 5-3). Although uranium concentrations reach
severa hundred ppm in some silica deposits lining fractures in the unsaturated zone at Y ucca
Mountain, such concentrations do not elevate the local neutron flux (or **Cl production rates)
because the flux is determined by uranium and thorium concentrations averaged on a much larger
scale (e.g., 10* cmd).

Together the bomb-pulse record and the long-term reconstruction allow *Cl/Cl observations in
subsurface fluids at Y ucca Mountain to be divided into four classes.

« Ratios over 1250 x 10 provide clear evidence of bomb-pulse influence, and indicate
the presence of some rapid transport pathways (Fabryka-Martin, Wolfsberg et al. 1997,
p. 18).

« Ratios near the present-day value of 500 x 10" suggest Holocene precipitation of pre-
nuclear-age (from 1950, extending back to about 10 ka before the present) (Figure 31a).
A value of 500 x 10™ is very unlikely to indicate extremely young (post-1980)
precipitation because bomb-pulse *°Cl is still widely prevalent in surface soils at Yucca
Mountain, based on analyses of surface soils and surface runoff.

« Ratios that are elevated above present-day background but less than 1250 x 10™*° cannot
be interpreted unambiguously in terms of water travel time, in the absence of additional
geochemical or isotopic information. These may be attributed to Pleistocene-aged water
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that is not so old as to unequivocally demonstrate radioactive decay (note elevated ratios
at the end of the Pleistocene in Figure 31b; Fabryka-Martin, Wolfsberg et al. 1997, pp. 4
to 5). Alternatively, these ratios may reflect the presence of a small component of bomb-
pulse *Cl, possibly as low as a percent of the total flow.

« Ratios significantly less than 350 x 10™ clearly show the effects of radioactive decay of
%Cl. Actual estimates of water age will depend on the past meteoric ratios, which must
be considered highly speculative for the period before the earliest packrat data (40 ka).
However, based on the current reconstruction, these ratios imply ages in excess of 200
ka.

Unfortunately, the interpretation of a given sample in one of the above categories is not always
clear-cut. Only interpretation of the highest ratios (indicating bomb-pulse water) and the lowest
ratios (indicating radioactively decayed ancient water) may usually be considered relatively
unequivocal.  Intermediate ratios may represent Holocene or Pleistocene input with
corresponding travel times or may represent mixtures of waters of different ages. Nonetheless,
the intermediate ratios shed light on the interpretation of water ages when considered in
conjunction with other independent lines of evidence, such as other isotopic measurements and
infiltration studies and results of flow and transport simulations of alternative conceptual models.

Over 900 *Cl measurements have been conducted thus far for the Yucca Mountain Project.
Analyzed samples include surface soils and soil profiles; rock samples collected from surface-
based boreholes, the ESF, and the Cross Drift; water samples including surface runoff,
unsaturated-zone pore water, perched water, and saturated-zone water; and fossilized urine from
pack-rat middens. Observations from these sample analyses are summarized in Table 13 and
discussed below.

6.6.3.2 Chlorine-36 in Shallow Samples

Analyses of bomb-pulse **Cl and Cl profilesin soil and alluvia profiles show that thick alluvium
is generally effective at reducing net infiltration to levels less than 1 mm/yr (Fabryka-Martin,
Turin eta. 1996, section 5.1.2) (e.g., see data for soil from pits and trenches in DTN:
LAJF831222AQ95.006 and LAJF831222AQ96.006). An exception to this generalization may
be in channels and at the base of sideslopes, as illustrated by the penetration of bomb-pulse *Cl
into the soil exposed at the NRG#5 drill pad (DTN: LAJF831222AQ95.005) and in samples as
deep as 3.3 m in the soil-test pit NRSF-TP-19 a the North Portal (DTN:
LAJF831222AQ97.006).

Similarly, borehole samples collected from the PTn when this rock unit is overlain by thick
aluvium do not show any evidence for the presence of bomb-pulse **Cl (e.g., data for UZ-N37,
UZ-N54, UzZ#16, and UZ-14 in DTN: LAJF831222AQ96.010, LAJF831222A0Q96.012,
LAJF831222AQ96.014, and LAJF831222AQ96.015, respectively).

In contrast, where alluvial cover is thin (for example, less than a few meters thick) or missing,

water is able to readily enter fractures of the bedrock, as shown by the detection of bomb-pulse
%Cl measurements in samples from such locations (e.g., see data for neutron boreholes in DTN:
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LAJF831222AQ96.008, LAJF831222AQ96.009, LAJF831222AQ96.011 and
LAJF831222AQ96.013). For example, fast transport through the welded Tiva Canyon (TCw) is
indicated by bomb-pulse *CI/Cl ratios measured in several boreholes that intersect the
nonwelded Paintbrush Tuff (PTn), which lies below the TCw. Bomb-pulse levels of *°Cl were
also observed in drillcore samples from the top of the Calico Hills unit in the shallow Busted
Butte Field Transport Facility (DTN: LA9909JF831222.005).

6.6.3.3 Bomb-Pulse **Cl in the Exploratory Studies Facility and Cross Drift

Evidence for fast pathways that persist into the TSw is provided by bomb-pulse *Cl/Cl ratios
measured at locations in the ESF and Cross Drift (Figure 32 and Table 14). Over 250 samples
have been analyzed from the 8-km ESF tunnel including two of its niches and alcoves. Of these,
more than 40 had *°Cl levels sufficiently elevated as to be interpreted as unambiguous evidence
for the presence of bomb-pulse **Cl (DTN: LAJF831222AQ98.004, LAJF831222AQ98.009 and
LA9909JF831222.010). For example, bomb-pulse *Cl was detected in the Drillhole Wash fault
zone, in the vicinity of the Sundance fault zone in the Main Drift and ESF Niche #1, and near the
Sundance fault zone and the Ghost Dance fault zone where they were intersected by the Northern
Ghost Dance Fault Access Drift (Alcove 6). Similar to the ESF results, five out of 15 Cross Drift
samples had ratios above 1250 x 10™°, and nine were above 1000 x 10 (DTN:
LA9909JF831222.003; data not yet qualified).

The correlation of the elevated *Cl measurements with the surface expression of faulting
indicates that the pathway and travel time may involve locally modified PTn fracture properties
(Fabryka-Martin, Wolfsberg et al. 1997, p. 78; Fabryka-Martin, Flint et al. 1997, pp. 6-22 and 8-
18). These data support the hypothesis that faulting or other disturbances increase PTn fracture
permeability, thereby generating a local environment in the PTn that supports fracture flow and
hence rapid transport of solutes. Once through the PTn, flux distributions favor fracture flow in
the TSw, thereby providing a continuous pathway to the sampled depths.

6.6.3.4 Non-Bomb-Pulse *Cl in the Exploratory Studies Facility

Most of the ESF sample analyses had ratios less than the threshold for indicating bomb-pulse
%Cl (Figure 32). In the southern part of the ESF, beyond station 45+00, most samples had
%Cl/Cl ratios typical of Holocene water, which could suggest travel times less than 10 ka to this
depth. (Averages of water with greater and lesser values provide a less likely explanation
because the mixing proportions would have to be the same for the large number of samples). A
number of samples from this part of the system also had **Cl signals that were significantly
below the present-day background value, suggesting the possible presence of zones of relatively
stagnant water.

Many of the samples from the northern part of the ESF, up to station 45+00, had *°CI/Cl ratios
variably above the present-day background and provide a striking contrast to the nearly-constant
ratios measured in the southern part of the ESF (Figure 32). The largest signals-those above a
ratio of 1250x10°—are attributed to global fallout *°Cl. Fabryka-Martin, Wolfsberg et al. (1997,
pp. 19 and 21) discuss aternative hypotheses to account for these highly elevated signals and rule
out sample contamination as well as in-situ production of *Cl either at the surface or deeper in
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the profile. The favored hypothesis is that fast hydrologic paths capable of conducting bomb-
pulse *Cl to the level of the ESF are more prevalent in the northern part of the ESF than in the
southern part, due to a greater number of faults in the north that cut through the comparatively
unfractured PTn where it overlies the ESF. With regard to those intermediate samples with ratios
greater than present-day background but less than 1250 x 10™, it is not presently possible to
assess whether or not these intermediate signals indicate the presence of a very small component
of bomb-pulse *Cl or whether the elevated signals reflect travel times exceeding 10 ka, the most
recent time when the signa in infiltrating water would have been high enough to provide the
%Cl/Cl signatures found in water from this area.

6.6.3.5 Chlorine-36 in Deep Boreholes

Measured *Cl/Cl ratios for samples of moderately to densely welded tuff from boreholes are
systematically lower than the values for ESF samples. This apparent discrepancy is probably
attributable to differences in the sample collection techniques (Fabryka-Martin, Turin et al. 1996,
section 6.2). Borehole samples are obtained from ream cuttings. Rock Cl is released to the
cuttings during drilling and, subsequently, is leached together with the pore-water Cl during
sample preparation for *Cl analysis. This source of Cl has a *Cl/Cl ratio on the order of 40 x
10", The extent to which rock Cl contributes to the total amount of Cl leached from the rock
can be estimated from its Br/Cl ratio (Fabryka-Martin, Wolfsberg et a. 1997, pp. 30 to 32;
Fabryka-Martin, Turin et al. 1996, section 6.2.1). Because of the low **CI/Cl of the rock Cl, the
%C1/Cl calculated for the meteoric component of Cl in the borehole samplesis always equal to or
higher than the measured ratio. Samples collected from tunnel walls are not as greatly affected by
rock Cl as are borehole samples because the manual method of collection used in the tunnel does
not pulverize the rock as does the ream bit. Borehole samples from nonwelded units (PTn, CHn,
Prow Pass) also do not appear to be greatly affected by the release of rock Cl, probably because
the concentration of leachable rock Cl in these particular units is negligibly small relative to that
in the pore-water fluids. Differences between uncorrected **Cl/Cl ratios for borehole samples
from welded units and those from the ESF demonstrate the importance of recognizing the
magnitude of the influence of rock Cl to the **CI/Cl values measured for borehole samples. After
correcting for this effect, the two sets of analyses are consistent (Fabryka-Martin, Wolfsberg et
al. 1997, p. 33). None of the few *Cl/Cl measurements available for samples collected below
the potential repository horizon are sufficiently high as to indicate the unambiguous presence of
bomb-pulse **Cl (Table 13, Observations for TSw and CHn samples). The maximum ratio
measured for a surface-based borehole sample in or below the Tptpul unit was 843 x 10 for
SD-12 (1940 to 1941 ft, Tcp2 unit; LAJF831222AQ97.007).

6.6.3.6 Chlorine-36 in Perched Water

The variation of input signal for *CI/Cl over time enables **Cl/Cl measurements in perched
water (Table 9) to be interpreted in support of **C ages. Figure 31b shows that co-variation of
¢ and *Cl/Cl is irregular but can be smoothed as a “meteoric water curve” (Figure 33). This
co-variation can be used as corroborative data to support interpreted *C ages as being less than
or greater than about 10,000 years. For example, **C activity is plotted against **Cl/CI for
perched water samples on the same curve (Figure 33). The data match the meteoric water curve
well and the ages of the perched water can be estimated by interpolation along the meteoric water
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curve. Chlorine-36 and other isotopic analyses of perched water provide a consistent estimate of
the age of the perched water bodies. Ages of the perched water can be estimated by interpolation
aong a characteristic curve based on a predicted correlation between reconstructed **C and *°Cl
input functions for the past 25 ka. By this approach, the **Cl analyses indicate ages ranging from
2 to 12 ka for the different perched-water bodies sampled, which is in general agreement with
4C-based ages. However, there is substantial uncertainty in attributing *°CI/Cl data to particular
ages above 10,000 years, as well as uncertainty in the quantitative interpretation of ages from *C
data.

6.6.3.7 Consistency of Data with Site-Scale Flow and Transport M odels

A flow and transport model using the FEHM code was used to simulate transport of *°Cl into the
ESF tunnel (Fabryka-Martin, Wolfsberg et al. 1997, pp. 78 to 79). Modeling results show that
observed *Cl signals are consistent with the above site-scale conceptual model and with
reasonable parameter estimates. The overal picture from these studiesis that:

 Infiltration is spatialy variable and, on the average, exceeds 1 mm/year over the
potential repository block.

» Fracture transport can be critical, permitting rapid transport through otherwise low-
conductivity materials.

» Isolated fast paths associated with faults and fractures may penetrate deep into the
mountain.

These modeling studies showed that the arrival of even small (1 percent of the input flux)
amounts of bomb-pulse **Cl at the ESF and Cross Drift horizon in under 50 years generally
required percolation fluxes of at least 1 to 10 mm/year, depending on the characteristics of the
secondary permeability assumed for the model layers corresponding to the PTn (Fabryka-Martin,
Wolfsberg et al. 1997, Tables 8-4 to 8-6). This modeling study considered the stratigraphy at
two locations within the ESF, one where the thickness of the PTn was large (ESF station 35+00)
and one where the PTn was relatively thin (ESF station 59+00). Conclusions drawn from the
one-dimensional modeling study included the following (Fabryka-Martin, Flint et a. 1997,
section 8.3):

» Generdly, fracture flow through the PTn could be sustained more readily with increases
in percolation flux and secondary permeability, and when fractures contributing to the
secondary permeability were assumed to be sparse (thereby minimizing fracture-matrix
interactions) and have large apertures.

* Increases to the assumed water retention capacity of the fractures by adjusting poorly
constrained parameters that described the fracture's capillary properties aso resulted in
more sustained fracture or fault flow through the PTn at lower fluxes.

* Fluxes insufficient to sustain fracture flow in the densely welded Tiva Canyon and
Topopah Spring Tuffs resulted in water samples at the ESF that were very old, with
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predicted *°CI/Cl ratios that indicated significant decay (approximately 300 x 10™ to
600 x 10™™°) and which were generally too small relative to those obtained for what were
considered to be non-bomb-pulse samples (500 x 10 to 1,500 x 10™).

» The predicted ratios for non-bomb-pulse samples were generally consistent with those
predicted using assumed percolation fluxes of 1 to 10 mm/year. Just as fluxes on the
order 0.1 mm/year led to *CI/Cl ratios at the ESF horizon that displayed considerable
decay of the meteoric signal, fluxes greater than 10 mm/year resulted in short travel
times that led to introduction of Holocene water with **Cl/Cl ratios lower (500 x 10™*)
than observed for the non-bomb-pul se samples.

6.6.4 Carbon Isotopes

Primary input data used to characterize the distribution of carbon-14 at Y ucca Mountain, which
provides a basis for water and gas travel time estimates, are listed in section 4.1.7 (pore water
and perched water), 4.1.8 (gas from open boreholes), 4.1.9 (gas from instrumented boreholes),
and 4.1.15 (groundwater). Table 3 lists the locations for which these data are available.
Relevant assumptions that apply to discussions in this section are Assumptions 8, 9 (TBV) and
10in Table 2.

6.6.4.1 Background

The best-devel oped isotopic method for dating groundwater is that using **C, an application that
began with Munnich’s study in 1957 (Davis and Murphy 1987, pp. 29 to 34; Clark and Fritz
1997, pp. 200 to 231). Carbon-14 is produced naturally in the upper atmosphere by
bombardment of nitrogen by the secondary neutron flux (Clark and Fritz 1997, p. 202):

7N+on0 GC+ip (Ean 6)

The modern atmospheric activity of *“C is set by convention to 13.56 decay's per minute per gram
of carbon in the year A.D. 1950, which is considered to have an activity of 100 Percent Modern
Carbon (pmc) (Clark and Fritz 1997, p. 18). Based on a half-life of 5,715 years (Parrington
1996, p. 19), this specific activity corresponds to a **C/C ratio of about 1.2 x 10*2. The effect of
above-ground testing of nuclear devices was to temporarily increase the **C content by as much
as a factor of two (Figure 29). The decrease since 1964 is due to the exchange of *C for
nonradioactive carbon from the biosphere and hydrosphere, predominantly the ocean. Other
secondary influences on the atmospheric **C inventory are releases of **C from nuclear fuel
reprocessing plants and dilution by releases of nonradioactive carbon from the burning of fossil
fuels.

Despite its extensive use in hydrologic studies, numerous processes related to carbon
geochemical reactions complicate the interpretation of **C analyses in water. These processes
involve the isotopic exchange between carbonate species dissolved in pore water, and carbonates
in soil and fracture minerals along the flow path, as well as with CO, in the gas phase. Hence,
the successful use of **C to date groundwater is dependent upon a thorough understanding of
geochemical reactions involving carbon species in the hydrologic system. This stipulation is
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even more important in the case of unsaturated-zone fluids. Stable carbon isotope ratios (5*°C
values) are invaluable for evaluating the likelihood and magnitude of subsurface reactions
involving carbon. Delta *?0 has been measured in CO, gases in YMP studies for a similar
reason. Detailed discussions of geochemical modeling of carbon reactions, which clearly have
implications for **C ages of Y ucca Mountain pore waters, are provided in numerous publications
(Davis and Murphy 1987, pp. 29 to 34; Clark and Fritz 1997, pp. 200 to 231).

6.6.4.2 Carbon-14 in Pore-water Samples

Asisthe case for tritium, post-bomb levels of **C have been observed in afew samples collected
above and within the PTn unit. None of the pore-water samples from surface-based boreholes
have shown post-bomb levels of C, that is, activities above 100 pmc (Table 15; corroborative
datain Table 16). However, it is possible that the presence of arelatively small volume of post-
bomb water could be obscured by mixing with a large volume of old water, such that the
resulting mixture would have an activity less than 100 pmc. For the 14 pore-water samples
extracted from the PTn unit, **C activities range from 74 pmc (NRG-7a and SD-7) to 96 pmc
(UZ-14) (Table 15). The 33 samples extracted from the CHn unit range from 53 pmc (UZ#16) to
98 pmc (UZ#16) (Table 15). A histogram of the data from these two hydrogeologic units (Figure
34) shows that the PTn values cluster tightly about the range of 80 to 90 pmc, whereas the CHn
values spread more evenly across the range, presumably reflecting alarger spread in groundwater
travel times to this depth as would be expected if fracture flow were mixing to variable extents
with slower matrix flow. Stable carbon isotope ratios for these same pore waters show a wide
range in both hydrogeologic units (Figure 34), which may be a consequence of a variety of
processes but which is also consistent with spatially and temporally variable infiltration rates and
mixing between fast fracture flow and slow matrix flow. The extent of contamination with
drilling air for some of the samples has not yet been resolved (see discussion below).

The *C pore-water data do not show any trend with stratigraphic depth, with larger **C activities
interspersed among smaller *C activities in a vertical profile (Tables 15). These irregular
profiles are consistent with a conceptual model in which fracture flow and perhaps lateral flow
occur in some of the stratigraphic units at Y ucca Mountain (Yang et a. 1996, p. 32; Yang, Yu et
al. 1998, p. 23). In general, Y*C activities in pore waters from both the PTn and CHn suggest
apparent ages that are less than 6,000 years. Apparent ages are based on the assumption that the
initia *C activity is 100 pmc, and that the carbon isotopic composition of the sample has not
been significantly altered by any geochemical processes such that changes relative to the initial
atmospheric activity are solely the result of radioactive decay (Assumption 10 in Table 2). This
assumption is supported by the high **C activities measured in the annulus of shallow boreholes
(Table 17).

Detailed evaluations of the various processes that could affect 1*C activities and stable carbon
isotope ratios in Yucca Mountain pore waters are presented in Yang et al. (1996, pp. 31 to 34)
andinYang, Yuet al. (1998, pp. 21 and 23). These processes include:

« Atmospheric contamination of pore-water samples during drilling could shift *C
activities to higher values.
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« 1C0, in the gaseous phase may exchange with bicarbonate species in the groundwater.

« Seasona variations in 8°C in soil gas as a function of the stage of vegetative growth
affect the isotopic signature in infiltrating waters.

« Dissolution of caliche and calcites in fractures, with their wide variations in **C ages,
can dilute theinitial **C activity of infiltrating pore water and shift its 5°C value.

To some extent, the significance of these processes can be evaluated by examining the 3*C and
14C data for trends as a function of borehole, depth, and stratigraphic unit and by comparing pore-
water data to those for the gas phase, perched water and groundwaters for which some of the
above processes can be assumed to be negligible. Figure 35 plots 3°C versus *C for these
different categories. This plot suggests the idea that some of the high **C pmc values and young
apparent ages may be the result of contamination from**CO, in the drilling air (about 120 pmc, &
13C about -8 %o). Although the total mass of carbon in pore water is orders of magnitude higher
than that in subsurface air, it is possible that the injection of large volumes of drilling air may
ater the carbon isotopic composition of pore waters under some conditions.

6.6.4.3 Carbon-14 in Gas Samples

Gas samples were collected from open surface-based boreholes following overnight pumping to
remove atmospheric air from the well bore (Tables 18 and 19). Gas samples have also been
collected from two instrumented surface-based boreholes, with records available from 1984 to
1995 for UZ-1, and for 1996 for SD-12 (Table 20). Finally, gas samples from ESF drillholes
were collected after CO, and SFs concentrations had stabilized (Table 21) (section 6.2.2).

The carbon isotope data for gas samples are discussed in greater detail in Section 6.7.2. The
observed distribution can be summarized as follows:

Gas samples in open surface-based boreholes (Tables 18 and 19)[ Uncorrected radiocarbon
ages range from modern to 2600 years in the TCw, modern to 3100 yearsin the PTn, 650 to 7200

years in the Tptpul and Tptpmn, and modern to 11,200 years in the CHn. Radiocarbon profiles
generaly do not show any clear trend, with apparently younger gas often underlying older gas.
However, for gas collected from open boreholes, it is often difficult to discern a clear trend with
respect to the spatial distribution of *C activities in unsaturated-zone gases. The downhole
packer system did not completely seal against the borehole wall for all of these samples. Thus
trends are obscured by the inclusion of data that probably show the effects of atmospheric
contamination. Although 3"3C and CO, concentrations can often be used to identify such
contamination, there is no simple rule by which to identify which **C activities represent in-situ
conditions because 3*C and CO, also vary in the subsurface as a function of surface conditions
(e.g., soil thickness and vegetative activity). Nor are **C activities in nearby pore waters a good
guide. If the CO, in the gas phase were in isotopic equilibrium with CO in the agueous phase of
the pore water, then the *C activities in the two phases should be comparable; however, the pore
waters themselves may have been contaminated by the drilling air. Because of these various
unresolved issues, Yang et a. (1996, p. 32) conclude “it would be difficult to make a good age
correction. However, a possible range of ages with some uncertainty can be assigned in the
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future when more data become available. At present, apparent ages will be used to make
preliminary interpretation.”

Gas samples in instrumented surface-based boreholes (Table 20)[0] Carbon-14 data from
samples from the two instrumented boreholes are the most reliable indicators of in-situ
conditions. Uncorrected radiocarbon ages for UZ-1 are modern at the probe near the top of the
PTn (62 ft), about 3600 years at the probe closest to the base of the PTn (266 ft), about 7000
years at a depth of 621 ft in the Tptpmn, and about 7800 and 16,000 years at the bottom two
probes, in the Tptpll (1100 and 1207 ft). Uncorrected ages for SD-12 of similar magnitude
although the profile is not as smooth. The gas age is about 1000 years at the top of the PTn and
about 2100 years at its base. The age increases to nearly 8000 years in the Tptpul, and to about
11,000 years at probe B near the top of the CHn.

Gas samples from instrumented boreholes in ESF alcoves (Table 21)J Carbon-14 isotope
results are available for gases from boreholes in ESF Alcove 1 and 6. Samples from three
boreholesin Alcove 1, al tapping intervals within the TCw unit, contained 93, 101 and 107 pmc
indicating the presence of young CO,. Ten samples from the Alcove 6 borehole, which
penetrated the Ghost Dance fault zone in the TSw unit, ranged from 75.1 to 58.1 pmc,
corresponding to uncorrected **C ages of 2400 to 4500 years, somewhat younger than those
obtained for similar stratigraphic depthsin UZ-1 and SD-12. Activities measured for gas samples
from boreholes ESF-NDR-MF#1 and ESF-NDR-MF#2 ranged from 73.8 to 64.8 pmc,
corresponding to ages of 2500 to 3600 years (DTN: GS981283122410.006, corroborative data).

6.6.4.4 Carbon-14 and &C in Perched Waters

Carbon-14 activities and C values of perched waters are shown in Table 9. The *C values
range from 67 to 27 pmc, corresponding to apparent **C residence times of about 3300 to 11,000
years (Yang et al. 1996, p. 34). Water *C ages can be affected by the dissolution of older carbon
in the carbonate minerals, which would result in anomalously old apparent ages. Reaction with
or incorporation of gas-phase CO, from deep in the unsaturated zone can aso result in an
anomalous apparent age. Recent input of post-bomb **C is expected to be minor because all
perched-water samples contain background tritium concentrations. If post-bomb water is present
in the perched bodies, the component is too small to be detectable.

The 5™C values measured for perched water are quite variable, ranging from -9.2 to -16.6 %o
(Table 9). A weak correlation is observed between these values and the surface materia in
which the drillhole is located. Perched water in SD-7, a borehole that is essentially started in
bedrock, has heavy values of about -9.5 %o, only dlightly lighter than atmospheric CO,. In
contrast, perched water from NRG-7a, which was drilled through soil, has the lightest value of
-16.6 %o, presumably reflective of the isotopic composition of soil CO, gas. This observation is
similar to that made for strontium isotopic data, which show a less radiogenic input for bedrock
and fracture coatings where there is no soil and for pore waters from a drillhole that was started
in bedrock (Section 6.6.6). In summary, 3°C data show that most of the bicarbonate in
unsaturated-zone matrix pore fluids originated in the soil zone. In contrast, most of the
perched-water bodies and groundwater in the Y ucca Mountain area have heavier (less negative) o
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3C values that do not show the same degree of soil influence as do the unsaturated-zone pore
waters (Figure 35).

6.6.5 Stable Hydrogen and Oxygen | sotopes

None of the stable hydrogen and oxygen isotopic data used in this report are considered to be
primary input data. These data are used solely to corroborate interpretations of water flow paths
and the timing of recharge that are based on other geochemical and isotopic signatures. Table 3
lists the locations for which stable isotope data are available. Assumptions 11, 12, 13 and 14
from Table 2 apply to discussions in this section.

6.6.5.1 Background

Large differences in hydrogen and oxygen isotopic ratios (3°H and 3'®0) in water arise from
phase changes that do not go to completion, that is, partial evaporation, condensation,
crystallization, or melting (Davis and Murphy 1987, p. 119). Such incomplete processes are
typical of rainfal, snowfall, evapotranspiration, and sublimation of snow and ice. As a
consequence, regional differences arise in surface waters as a function of elevation, distance from
water sources (such as the ocean), orographic (rain shadow) effects, degree of evaporation, and
air temperature during precipitation. If the first four of these factors stay relatively constant for a
given location, then variationsin 8°H and 3'%0 in infiltrating water may be related to temperature
variations during precipitation events. Factors that might complicate simple interpretations of
such data at Y ucca Mountain include shifts in 820 in pore waters due to: alteration, dissolution,
or precipitation of minerals containing oxygen; isotopic exchange; and sorption of water by clays
and zeolites (Yang, Yu et a. 1998, p. 24).

6.6.5.2 Isotopic Characteristics of Precipitation, Surface Waters, Perched Water and
Groundwater

The standard method for presenting stable isotope data is by plotting °H versus 3'%0, as has
been done in Figure 36 for precipitation, surface waters, perched water, and regional
groundwater. The following observations are made from this figure:

» Precipitation data from 3 Springs Basin and Stewart Basin are plotted in Figure 36a.
These data illustrate how fractionation of oxygen and hydrogen isotopes in atmospheric
moisture results in a well-defined correlation line, called the “meteoric water line.”
Interpretations of isotopic data for other waters are all based upon the extent to which
their compositions shift along or away from this line. Based on its lower elevation and
warmer temperatures, modern precipitation at Y ucca Mountain is generally expected to
fall along the upper end of the range shown, with heavier (less negative) compositions as
demonstrated by four local precipitation samples plotted in Figure 36.

» Surface water data from 3 Springs Basin and Stewart Basin (Figure 36b) illustrate how
stable isotopes reflect average climatic conditions prevailing during infiltration events.
The cooler climate at Stewart Basin results in lighter (more negative) isotopic
compositions. These surface waters have not undergone much evaporation, based on the
fact that the isotopic data plot on the meteoric line. Such a conclusion is supported by
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the dilute chemical compositions of these waters (Section 6.4.3). Data for two Yucca
Mountain surface runoff samples, both collected in February 1993, also show negligible
evaporation. Thelr heavy isotopic signatures overlap with those of the four precipitation
samples collected at Y uccaMountain in 1984 (Figure 36a).

» Stable isotopic data of the perched-water samples also lie close to the meteoric water
line, indicating little evaporation occurred before infiltration (Figure 36¢).

» Groundwaters beneath Fortymile Wash (Figure 36d) have stable isotope values similar
to those for perched water beneath Yucca Mountain. Both of these data sets are
consistent with recharge during the Holocene (that is, post-glacia climate), as suggested
by the *C data for these waters (Section 6.6.4; Figures 35¢ and 35d).

* Among the groundwaters in the Y ucca Mountain area, the lightest waters are from wells
in the southwestern most portion of the site (for example, VH-1, WT#10, H-3). Loca
groundwaters with the heaviest isotopic values overlap with the values measured for
perched waters and for wellsin Fortymile Wash.

» Groundwaters from Pahute Mesa have lighter isotopic values than do the perched waters
and groundwaters from Fortymile Wash. This difference is consistent with recharge of
the Pahute Mesa waters under colder climatic conditions than those that prevailed for the
perched waters and samples from Fortymile Wash, and subsequent modification of the
Pahute Mesa waters by water-rock interactions that shift 3'°0O to heavier values.
Although isotopic shifts due to evaporative loss cannot be altogether ruled out, this
process seems unlikely to be significant for the Pahute M esa recharge waters.

6.6.5.3 Isotopic Characteristics of Pore Waters

Extraction of Pore Watersfor |sotopic Analysis—In contrast with the above types of samples,
hydrogen and oxygen isotope data for unsaturated-zone pore waters are more difficult to
interpret, presumably due to complications related to the methods used to extract the fluids for
analysis. Vacuum distillation and compression extraction (“sgqueezing”) were the two methods of
pore-water extraction for stable-isotope analysis of 8°H and &0 used in the site-characterization
investigation (Yang, Yu et al. 1998, pp. 25 to 27). Vacuum distillation involves heating the rock
sample under vacuum in a distillation apparatus and collecting and condensing the evolved water
vapor in a separate flask. Compression extraction is similar to the procedures described
previously for pore-water extraction for chemical compositions and **C analyses. Water samples
were collected in glass syringes attached to the compression cell. For both extraction methods,
stable isotope ratios are determined by mass spectrometer.

Testing for isotopic effects resulting from the two different water-extraction procedures was
accomplished by analyzing adjacent core samples (Yang, Yu et a. 1998, pp. 30 to 33). The two
methods yielded comparable results for samples from the PTn. However, isotopic compositions
of water obtained by vacuum distillation are more depleted in 3°H and 3'°0 than water obtained
by the compression method for cores containing clay or zeolite minerals, particularly for samples
from CHn, Prow Pass Tuff, and Bull Frog Tuff (Yang, Yu et a. 1998, Figures 15 and 16).
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Subsequent tests have shown that vacuum distillation of pore waters for stable isotope analysis
produced reliable results from tuffs free of clay and zeolite minerals but not for tuffs with large
contents of hydrated minerals (Yang, Yu et a. 1998, p. 44). The compression-extraction process
only extracts pore water, whereas the vacuum-distillation process extracts both pore water as
well as water held by zeolites or clays. Percolating water can replace the water in the large pore
spaces as well as undergo isotopic exchange with water in zeolites. Isotopic exchange rates
range from days to months. Pore waters extracted from zeolitic core by compression may,
therefore, reflect the most recently infiltrated water but may lose the record of past percolating
water.

Interpretation of Isotopic Characteristics of Pore Waters—The oxygen and hydrogen
isotopic compositions of pore waters can yield information about infiltrating waters, provided
that sampling has not disturbed the original compositions. Significant amounts of drilling air
were injected into the formation during borehole drilling that could cause drying of the core
samples. The potential magnitude of this effect can be examined by plotting the stable isotope
compositions of the pore water on the 8°H versus 5'°0 diagram, as has been done for UZ-14 in
Figure 37. Datafor unsaturated-zone pore-water samples obtained by squeezing the core, plot on
or dlightly below the meteoric precipitation line, indicating minor evaporative loss (Figure 37b).
This evaporation may have occurred either prior to recharge or during drilling. Alternatively, the
shift away from the meteoric water line may reflect oxygen isotopic exchange with the host rock.

In contrast, the composition of the CHn pore waters extracted by distillation is significantly
lighter than that of the PTn pore waters (Figure 37a). The lighter values for CHn pore waters do
not result from incomplete recovery by the distillation method because more than 96% of the
water was recovered by vacuum distillation in laboratory tests in which tap water of known mass
and isotopic composition was imbibed into an oven-dried core (Yang, Yu et a. 1998, Table 13).
On the basis of these experiments, Yang, Yu et a. (1998, pp. 41 to 43) concluded that these
extremely light oxygen isotopic signatures are not representative of in-situ pore waters but rather
are caused by isotopic fractionation induced by the distillation technique.

Comparison of isotopic compositions of unsaturated-zone pore waters (Figures 37b) with those
of the saturated-zone groundwaters (Figures 36d) beneath Y ucca Mountain show that the CHn
pore waters are similar to the heaviest (Ieast negative isotopic values) groundwaters in the Y ucca
Mountain area, whereas the PTn pore waters are significantly heavier (less negative) than either
of these data sets. Again, this difference is consistent with recharge of the CHn pore waters and
Y ucca Mountain groundwaters occurring under colder climatic conditions than recharge for the
PTn pore waters. In the TSw basal vitrophyre, 8°H values in pore water from three boreholes
(SD-7, SD-9, SD-12) are consistently shifted to more negative values, implying that waters were
infiltrated during the colder climate of the last ice age (Yang, Rattray et al. 1998, p. 27 and
Figure 2). The 3°H values in pore waters from the underlying CHn are heavier than those for
pore waters from the basal vitrophyre and similar to those for waters above the basal vitrophyre
zone, indicating post-ice-age water.

I sotopic Characteristics of Pore Waters with Large Concentrations of Dissolved Solids—A
few pore-water samples have very large dissolved-solid concentrations, exceeding 800 ppm and
indicating very large evapotranspirative losses. The isotopic compositions of pore waters for
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three of these samples plot to the right of the Yucca Mountain precipitation line, which would
aso indicate evaporation after precipitation (Yang, Yu et a. 1998, p. 51). The extent of
evaporation for sample NRG-6 (256 feet), which has the largest apparent loss of moisture by
evaporation, can be approximated assuming a temperature of 20°C for evaporation, equilibrium
Rayleigh fractionation, and an initial starting isotopic composition equal to that of the average
winter precipitation. However, the results of this latter calculation suggest that the pore waters
were subjected to a maximum evaporation of only 12 percent. The different estimates obtained
for evaporative losses from salt content and from isotopic characteristics reflect the fact that the
two measures apply to different period of time. The salt concentration in infiltrating water
reflects evaporative losses integrated over all precipitation events that occurred since the last
event that resulted in infiltration below the soil zone. In contrast, the isotopic ratios of
infiltrating water reflect the evaporative losses for the particular storm event that resulted in the
net infiltration.

Diffusion Controls on Isotopic Exchange Rates—Water within tuffs at Yucca Mountain
undergoes isotopic exchange, particularly between pore water and percolating infiltration.
Isotopic exchange appears to be diffusion controlled and the equilibration time is dependent on
the mean travel distance and the diffusion coefficient (Yang, Yu et a. 1998, pp. 38 to 43).
Zeolites contain loosely held water which is referred to as channel water, and as noted above, its
presence can contribute to analytical results for pore water. The channel water of pure
clinoptilolite powder exchanges with the water percolating through laboratory columns within
severa hours to days. For ground tuffs from Y ucca Mountain, the exchange rate is also several
hours to days, whereas exchange for zeolites within intact cores take longer, depending on the
core size and grain size of the zeolites within the core. The exchange processes for zeolite-
bearing core can be divided into two steps. the exchange between the pore water and the
percolating water, and the exchange between the pore water and channel water. If the system
reaches equilibrium, the stable isotopic compositions of pore water should equal those of
percolating water, and those of channel water will differ from pore water by a fractionation
factor. The second mechanism is still unknown, but the reaction is fast, as shown by column
experiments. Therefore, the equilibration time is determined by the first process (Yang, Yu et al.
1998, p. 54). For Topopah Spring Tuff, which bears no zeolites, the stable isotope composition
of pore water will be controlled by exchange occurring through diffusion mechanisms.

6.6.5.4 |sotopic Characteristics of Perched Waters

Stable isotopic data of the perched water are generally between -12.8 %o and -13.8 %o for °0
and -94 %o and -99.8 %o for 8°H (Table 9). These values are slightly greater than those for the
saturated-zone values and similar to values for pore waters. They are generally close to the Y ucca
Mountain precipitation line, indicating little evaporation before infiltration (Figure 36c). All
stable-isotopic values are similar to modern precipitation and are, therefore, consistent with
recharge during the Holocene as suggested by the **C data for the perched waters and consistent
with the *Cl data for these samples.

6.6.6  Strontium I sotopes

Primary input data used to characterize the distribution of strontium isotopes in rocks, minerals,
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pore waters, and groundwater are listed in section 4.1.11. Assumptions 15 and 16 from Table 2
apply to discussions in this section.

Background Calcite is ubiquitous at Yucca Mountain, occurring in soils and as fracture and
cavity coatings within the volcanic tuff section. Strontium is a trace element in calcite, with
concentrations generally at the tens to hundreds of ppm level. Decay of rubidium-87 (*’Rb) isthe
source of stable ¥Sr. Because calcite contains very little rubidium and the half-life of the ®Rb
parent is 4.9 x 10™ years (Parrington et al. 1996, p. 29), 8’Sr/*°Sr ratios of calcite record the ratio
in the water from which the calcite precipitated. Dissolution and reprecipitation do not alter
strontium isotopic compositions. Thus, in the absence of other sources of strontium, one would
expect the strontium ratios along a flow path to preserve variations inherited from strontium in
the soil zone (Marshall, Futaet al. 1998, pp. 55 to 56).

Strontium isotope compositions of calcites from various settings in the Yucca Mountain region
have contributed to our understanding of the unsaturated zone, especially in distinguishing
unsaturated zone calcite from saturated zone calcite. Different populations of calcite have been
compared, either to group them together or distinguish them from each other in terms of their
strontium isotope compositions. Ground water and perched water have also been analyzed. This
section focuses on strontium isotope data obtained from pore water.

Methods[] Although pore water can be squeezed from the nonwelded tuffs at Y ucca Mountain,
the volumes recovered from reasonable lengths of drill core are small (Marshall, Futa et al. 1998,
pp. 55 to 56). We have used dry-drilled core samples that have dried during storage, as
repositories of pore water salts that can be carefully leached with deionized water for analysis of
strontium isotope ratios. Crushed core is sieved to obtain a coarse sand (30-60 mesh) fraction that
is then leached for less than an hour with deionized water to redissolve the pore-water salts. This
water sample is then centrifuged and filtered; strontium is separated by standard techniques for
analysis by thermal ionization mass spectrometry (TIMS). Strontium isotope ratios are reported
as differences from modern seawater in parts per thousand using

&S = [((®"Sr/*°Sr) 1 0.7092) — 1] x 1000 (Eqn 7)

A single comparison between 3*'Sr from water-leached pore-water salts and that of water
squeezed in adjacent core from UZ-14 suggests that the extraction method is valid, at least for
non-welded samples.

Resultsfor SD-700 Strontium isotope compositions in the host volcanic rocks differ significantly
from those of the pore waters, indicating that pore water has not reached equilibrium with the
tuffs. Core was sampled from SD-7, excluding core containing macroscopic calcite coatings. The
pore water strontium data obtained from SD-7 (Figure 38) are remarkable in their systematic
variation with depth and their distinction from whole rock compositions. At the top of the core,
the 8*’Sr in the pore water is 3.6 %o, matching the 8%Sr found in surface coatings of calcite at the
drill pad. Delta®’Sr increases with depth; this increase is especially evident within the
nonwelded units of the Paintbrush Tuff (PTn) and is only dlightly discernible in the underlying
welded Topopah Spring Tuff (TSw).
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Inter pretation] Although the data preclude local equilibrium between pore-water and rock, the
rock data can predict the strontium isotope composition of the pore water if recalculated as a
down-hole cumulative value weighted according to strontium content of the rock samples and the
associated depth interval. An additional weighting factor that takes into account the higher
reactivity of the PTn provides a close match to observed pore-water strontium values throughout
most of the TSw. Deviations of the pore-water ’Sr from the predicted values are likely due to
the presence of clays or zeolites which may contain a long-lived record of pore-water strontium
compositions and could have been partially leached in the |aboratory.

A working model assumes that strontium is added to infiltrating water by dissolution of calcite in
the soil zone (Marshall, Futa et al. 1998, pp. 55 to 56). During times of increased surface
vegetation, soil waters are more acidic and volcanic detritus in the soil zone can contribute
radiogenic strontium into infiltrating water, thus increasing the ®’Sr/®°Sr ratio in the thick
calcretes formed during these times. There are two separate populations of soil carbonate that can
contribute strontium to infiltrating water; one is dominated by eolian carbonate with a 'Sr = 3.6
%o and the other is dominated by calcretes in thick aluvial soils with 8°'Sr = 4.5 %o (Marshall
and Mahan 1994, Figure 7). Although the eolian signal, represented by soil A/B horizons and
calcite coatings on bedrock surfaces, exists throughout the Y ucca Mountain region, the strontium
signal from calcretes may dominate over the eolian component the strontium when both sources
are present.

Water infiltrating into welded tuff (Tiva Canyon Tuff or Topopah Spring Tuff) tendsto retain the
strontium isotope composition of the overlying soil. However, the pore-water data indicate that
water infiltrating into or percolating through nonwelded tuff (PTn) reacts readily and acquires a
strontium isotope signature reflecting interaction with this unit. The strontium isotope
composition of the volcanic rocks changes systematically over millions of years due to the decay
of ¥Rb. As a result, pore waters interacting with these rocks would have 3*'Sr values that
decrease linearly with age. Delta-®"Sr of pore watersin the TSw unit are predicted to change from
a modern value of 4.9 %o to about 0.4 %o at the time of TSw emplacement (12.7 Ma). The
observation that 8*'Sr varies with microstratigraphic position within thick calcite coatings that
occur in the TSw and the match between these ratios and the predicted values strongly suggests
that the calcite coatings derive their strontium from the same source as the pore waters; in other
words, both pore water and the fracture water leading to calcite deposition within the TSw derive
strontium from water-rock interaction in the overlying section, dominantly in the nonwelded
units. This model indicates that pore waters in the PTn are redistributed between pore and
fracture water that subsequently percolates through the TSw.

6.6.7 Uranium |sotopes

Primary input data used to characterize the distribution of uranium isotopes in rocks, minerals,
pore waters, and groundwater are listed in section 4.1.12. No assumptions are listed in Table 2
that apply to discussionsin this section.

Background Uranium isotopic ratios have been used to address the question of local recharge

to the water table through the unsaturated zone at Yucca Mountain, and the prevalence and
frequency of fracture flow. The presence of calcite and opal lining fractures and cavities in the
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lowest units of the TSw exposed in the East-West Cross Drift and in core from underlying
unsaturated-zone units suggests that water moving through fractures has reached these depths.
Flow through the matrix also accounts for some portion of the total infiltration. However, the
fraction of the shallow ground water beneath Yucca Mountain that is locally versus regionally
derived, and the ratio of fracture flow versus matrix flow contributing to local recharge, are
poorly known. Uranium isotopic compositions of unsaturated-zone fracture mineras, pore
water, perched water, and shallow ground water contribute to the conceptualization of these
issues (Paces, Ludwig et al. 1998, pp. 187 and 188; Paces and Peterman 1999, pp. 134 to 138),
which is summarized in this section.

Unlike oxygen-, carbon-, and strontium-isotope signatures that are largely inherited during
infiltration through soils, uranium isotopic compositions of percolating water are significantly
modified from values observed in soil- and surface-water, which usually have 2*U/*®U activity
ratios of 1.4 to 1.8 (Table 24; Figure 3 of Muhs et al. 1990; Paces et a. 1994, p. 2400; Figures 9,
10, 13, 16, 17, 20, 21, 25, 26, 27, 32, 36, 39, 42, 45, 46, and 53 of Paces et al. 1995), to **U/*°U
activity ratios as large as 9 at the potential repository horizon (Figure 66, discussed in section
6.10.2) (Figure 3.7 of Paces, Neymark et a. 1996; Figure D3 of Paces, Marshall et al. 1997). As
a consequence of radioactive decay, 2*U is preferentially enriched relative to ?2U in migrating
ground water (Figure 9.1 of Osmond and Cowart 1992). The primary causes for this enrichment
are the greater solubility of ***U due to radiation-damage of crystal lattice sites containing U
atoms (Szilard-Chalmers effect) and the greater probability that these 2*U atoms have been
converted to the more soluble uranyl ion due to the effects of radiation-induced ionization
(Section 2.5.1 in Gascoyne 1992). In addition, decay of ***U can cause the displacement of the
intermediate 2*Th daughter (which rapidly decays to ?*U) off of crystal surfaces into the
adjacent water by alpha-recoil processes. The amount of excess®*U relative to ??U is controlled
by 2*U decay, water/rock ratios, flow path length, and the amount of bulk-rock dissolution in the
aquifer.

Meteoric water that interacts with readily soluble soil components results in infiltration
containing relatively large amounts of both 2*U and #*®U derived by bulk dissolution (Table 23).
As infiltrating water descends through the fracture network, small amounts of “*U that have
become available from radioactive decay will be incorporated into these solutions. If water
fluxes are large relative to the amount of 2**U produced along fracture surfaces, then the
234U/7U ratio will remain relatively unchanged from itsinitial infiltration value. If water fluxes
are small and only occur infrequently, ?>*U can build up in sufficient amounts along the fracture
surface between infiltration events such that the ?**U/*®U activity ratio in the water becomes
elevated. The large 2*U/*®U ratios in unsaturated fracture flow at Yucca Mountain imply that
volumes of percolation are small relative to shallow environments that receive larger amounts of
percolation.

Results) Data supporting this conceptual model of 2**U/?®U evolution were obtained from
water samples collected during the single heater test conducted in the Thermal Test Facility (ESF
acove 5) (Figure 39). Water derived from the welded tuffs proximal to the heater was mobilized
and flowed through a connected fracture network for several months into a nearby borehole.
Uranium concentrations decreased from about 0.1 to 0.03 ppb between late November 1996 and
late May 1997. In the same samples, 2*U/?*®U activity ratios dropped from a value of 8.03 in the
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first water collected, to values of 4.56 and 4.13 in the two subsequent collections. These data are
interpreted as evidence that the fracture pathways used by mobilized water during the test had not
experienced recent natural flow, and had built up substantial amounts of ?>*U on their surfaces.
Fracture water mobilized during the early stages of the test incorporated the more labile ?*U en
route to the collection site. Once the most reactive components were dissolved, later water
flowing aong the same flow paths incorporated less total uranium as well as less 2*U, resulting
in smaller uranium concentrations and ***U/*®U activity ratios with time. A longer duration test
would presumably have resulted in water with **U/?*U activity ratios approaching either secular
equilibrium (3*U/*®U activity ratio of 1.0) or values that are characteristic of readily
exchangeable pore water (Z*U/?®U activity ratio between 1 and 4). Although large 2*U/%U
activity ratios were not observed in early water from the much larger and more complex Drift
Scale Heater Test, a similar pattern of decreasing values with time is present in water mobilized
from volumes of rock much larger than the Single Heater Test (Figure 40). This pattern
illustrates, in a qualitative sense, the likelihood that frequent flushing of fracture surfaces may
not allow sufficient accumulation of >*U on fracture surfaces to substantially alter the 2*U/?*u
ratios in fracture water.

Uranium isotope data from other areas of the Nevada Test Site that receive recharge sufficient to
support small-volume spring discharge can aso be interpreted to indicate that small fluxes and
infrequent flux events are required to attain the large **U/*®U ratios observed at Yucca
Mountain. Springs and seeps discharging from perched water zones at Comb Peak, Shoshone
Mountain, Skull Mountain and Rainier Mesa have 2*U/?*®U activity ratios ranging between 1.9
and 3.8 (Figure 41). These values are larger than those associated with surface water and
pedogenic minerals (Paces et al. 1995, Figures 9, 10, 13, 16, 17, 20, 21, 25, 26, 27, 32, 36, 39,
42, 45, 46, and 53), but are lower than “*U/*®U ratios in most of the perched water at Yucca
Mountain (Table 9) as well as the initid **U/?®U ratios in young calcite and opal in the deep
unsaturated zone (Paces, Neymark et al. 1996, Figure 3.6). Water discharging from NTS springs
have relatively large volume to path-length ratios and either continuous or frequent flow that
does not permit accumulation of substantial excess ?**U on solid surfaces along flow paths. Asa
result, uranium in water from these systems has isotopic compositions that are only slightly
greater than values observed in the infiltrating water. In contrast, waters perched within the
welded TSw a Yucca Mountain (boreholes WT-24, UZ-14, NRG-7a) have larger 2*U/?%U
activity ratios (Table 9). These values (5.2 to 8.4) are in the range of initial **U/?®U activity
ratios observed for young calcite and opal from the potential repository horizon in the ESF.

Ground water from the saturated zone beneath Y ucca Mountain also has elevated *U/?*®U ratios
compared to well water in adjacent areas (compare Figure 42 to Figure 43) (Ludwig et al. 1993,
Figure 2; Paces, Ludwig et al. 1998, p. 185). Regiona saturated-zone ground water in carbonate-
rock, aluvial, and Precambrian-rock aquifers from Oasis Valley, Amargosa Valley, Spring
Mountains, and the easternmost Nevada Test Site have 2*U/*®U activity ratios between 1.5 and
4. Ground water ?**U/*U activity ratios from volcanic-rock aquifersin the region are commonly
between 4 and 6; however, shallow saturated-zone ground water beneath Yucca Mountain has
anomalously large 2*U/?®U activity ratios between 6 and 8.5. Groundwater obtained from
Paleozoic carbonate rocks at depth beneath Yucca Mountain (UE-25 p#1) has a much smaller
240/78U ratio of 2.32, typical of the regional carbonate aquifer and indicative of the
stratification of shallow and deep aguifers at the site. Up-gradient regions including Timber
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Mountain, Pahute Mesa, and Rainier Mesa (locations shown on Figures 1 and 2) are at higher
topographic elevations and receive greater amounts of recharge. Although the number of
analyzed wellsin these areas is relatively small, observed 2*U/%U activity ratios are equal to or
less than about 5. Smaller 2*U/?*®U ratios (activity ratios less than 6) are also characteristic of
ground water in the volcanic-rock aquifer in the Fortymile Wash and Crater Flat areas east and
west of Yucca Mountain, and in down-gradient water wells along Highway 95 and in the
Amargosa Valley. Uranium concentrations in ground waters from most of these areas range from
about 0.5 to 3 ppb.

The anomalous uranium isotopic compositions of shallow saturated-zone water beneath Y ucca
Mountain are similar to the elevated initial “**U/”U compositions measured for deep
unsaturated-zone minerals and perched water bodies within the welded TSw. The similarity of
the unsaturated and saturated-zone uranium reservoirs at Yucca Mountain is interpreted as an
indication of a genetic linkage between the two. Therefore, some component of recharge through
the thick unsaturated zone at Y ucca Mountain is required. If this recharge made up only a small
proportion of the saturated-zone ground water beneath Y ucca Mountain, a 2*U/?®U value that is
only dlightly larger than the presumed up-gradient signature would be expected. Instead, the
observed value is near the upper end of the range observed in the unsaturated-zone materials,
implying that the local recharge has not been highly diluted by through-flow from the north.
Likewise, ground water down-gradient from Yucca Mountain should have a relatively large
24U/7y signature if the local recharge contributed significantly to the uranium budget.
Groundwater containing elevated 2*U/*®U ratiosis not observed in either Fortymile Wash (with
the exception of J-13, the main supply well for activitiesin NTS Area 25) or along the southern
margin of Yucca Mountain at Highway 95. More-or-less uniform U concentrations in waters
throughout this area indicate that the different ground waters should have roughly equa
weighting when mixed on a volume basis. Because of this similarity, small volumes of ground
water in adjacent areas should not rapidly mask the uranium isotopic contributions of Yucca
Mountain saturated-zone ground water. Therefore, local recharge is considered an important
component to the saturated zone immediately below Y ucca Mountain; however, this component
does not contribute significantly to the regional water budget in the Fortymile or Crater Flat
hydrologic flow systems. These conclusions are consistent with major ion data, as well as &°H,
510, and 8%Sr data from the shallow groundwaters at Y ucca Mountain that are interpreted to
indicate km-scale heterogeneities over the same areas (Peterman and Patterson 1998, pp. 277 to
278; Paces and Peterman 1999, p. 137).

Preliminary uranium isotopic data from pore water extracted by centrifugation may indicate that
most of the local recharge flows through fracture pathways rather than through the matrix.
Severa samples of pore water (1.5 to 3.0 mL) have been extracted from the upper lithophysal
unit of the welded Tpt. Pore water has uranium concentrations of about 1 ppb and **U/?*u
activity ratios of 2.51t0 3.0. These ratios are dightly larger than most of the pore water squeezed
from nonwelded tuff near the top of the PTn (**U/?®U activity ratios of 1.5 to 2.5), but are
smaller than water collected from boreholes associated with in-situ heater tests (*U/*®U activity
ratios of 2.5t0 5.6). Larger values approaching those that are indicative of fracture water (initial
24U/78Y in fracture minerals as well as water perched within the Tpt) or characteristic of
shallow saturated-zone ground water have not been observed. Substantial differences in
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24U/7U compositions between pore water and fracture water indicate a general lack of
equilibration between the two unsaturated-zone water sources and implies minima liquid
exchange. These differences aso indicate that fracture water is likely the most dominant
contributor to recharge of the shallow saturated zone beneath Y ucca Mountain.

6.7 CHEMICAL AND ISOTOPIC COMPOSITION OF GASES

Only chemical and isotopic data collected for gas samples from instrumented boreholes are
considered primary input data for characterization of the chemical composition of gas at Y ucca
Mountain. These data are listed in sections 4.1.14 (gas chemistry) and 4.1.9 (carbon isotopes).
Chemical and isotopic data for gas samples collected from open boreholes are only used to
corroborate interpretations based on data for instrumented borehole samples. Table 3 lists
locations for which gas chemical data are available. Assumptions 17 and 18 from Table 2 apply
to discussions in this section.

6.7.1 Processes Controlling Gas Chemistry
The major processes that control the chemistry of the gas phase include:

* Atmospheric gas chemistry. The composition of air is the primary control on
unsaturated-zone gas chemistry.

» Soil-zone processes. Soil-zone processes such as plant respiration can alter the chemistry
of the gases that diffuse into the unsaturated zone. Carbon-dioxide partial pressures are
particularly susceptible to modification by these processes.

» Water-air interactions. Once gases diffuse from the soil zone into the unsaturated zone,
the gas-phase composition will tend to equilibrate with the waters present in the
unsaturated zone. For example, CO, will tend to dissolve or exsolve from the waters
depending on the partial pressures of CO, in the soil zone versus the upper unsaturated
zone.

» Upward gasflow. Gases can migrate upward through the unsaturated zone along various
gradients including concentration gradients and temperature and pressure gradients. The
gases migrating along these gradients may have a nonatmospheric composition.
Therefore, as they mix with the indigenous gases in the unsaturated zone, they ater the
overall gas composition in the unsaturated zone.

» Matrix, fractures, and fault structures. Because gas permeabilities of matrix, fractures,
and faults are very different, the composition of the gas phase in a certain part of Yucca
Mountain at a given time may deviate from the average composition.

e Microbia influences. Microbia metabolic activity may locally influence the
composition of the gas phase in the unsaturated zone.

» Temperature. Temperature can influence the composition of the gas phase in the
unsaturated zone primarily through its influence on the kinetics of the various reactions
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involved controlling the composition of the gas phase. In addition, temperature controls
the equilibrium fractionation of light stable isotopes, particularly oxygen. A summary of
temperature data available for the unsaturated zone at Y ucca Mountain is presented in
Section 6.5.1.

* Pressure. Variations in total gas pressure can influence the composition of unsaturated-
zone waters through their effect on the partia pressures of separate gases in the gas
phase. For example, the partial pressure of carbon dioxide in the gas phase varies
directly with total gas pressure. Such variations in the CO, partial pressure directly
affect the concentration of CO, in water, which in turn, affects the dissociation of
carbonic acid and, thereby, the pH. More significant, however, is its effect on gas flow
patterns, including water vapor transport.

6.7.2 SiteCharacteristics

6.7.2.1 Gas Compositions

Data exist on the abundances of the major atmospheric gases in the unsaturated-zone gas phase at
Yucca Mountain, including data obtained from the instrumented borehole UZ-1 (Yang et al.
1996, Table 8) aswell asfrom other boreholes. To a depth of 368 m in UZ-1, the concentrations
of oxygen, nitrogen, and argon are within analytical error of atmospheric compositions (DTN:
(GS991299992271.001, data set 9507----2271.002 for O, and N, corroborated by data in data set
9512----2271.010). According to Thorstenson et a. (1990, p. 260), samples of gases from UZ-
6S, UZ-6, and the neutron boreholes also showed concentrations of O,, N, and Ar that were
identical to the concentrations of these gases in atmospheric air to the limits of precision of the
analyses. The authors report that soil gases sampled on and near Yucca Mountain showed
methane concentrations that were depleted relative to the atmospheric value of about 1.7 ppm by
volume (ppmv), but still greater than 0.5 ppmv (Thorstenson et al. 1990, p. 267). In contrast,
neutron hole and UZ-6S gases generally showed methane concentrations near zero, ranging up to
a maximum value of 0.5 (£ 0.1) ppmv, suggesting that methane consumption occurs in the
subsurface, even below the soil zone (Figure 4 of Thorstenson et a. 1990).

CO, concentrations are generally larger in the rock gas (about 0.1 percent) than in air (0.035
percent) (UZ-1 gas data from DTN: GS930408312271.014 for 1989, and GS991299992271.001,
data sets 9301----2271.004 for 1991, 9404----2271.001 and 9404----2271.006 for 1993, and
9507----2271.001 for 1995). CO, gas concentrations in boreholes ranged from 0.01 to 1.3 percent
by volume (Thorstenson et al. 1990, Figure 4; Yang et a. 1996, Table 8) compared to an
atmospheric value of approximately 0.035 percent by volume. The CO, concentration profiles as
afunction of time in UZ-1 show that relatively low CO, concentrations were measured in 1983
shortly after completion of the borehole, and that, except for probe 13, concentrations steadily
increased until 1987 (Yang et al. 1996, Table 8 and Figure 18). Thus the early CO, samples were
probably diluted by drilling air (Yang et a. 1996, p. 40). As the semiannual gas sampling process
proceeded, most of the drilling air was removed from the hole. Halfway down the hole in the
1994 data set, carbon dioxide dropped to 0.08 percent by volume but increased with increasing
depth to 0.36 percent by volume at the lowest sampling point in the hole (367.9 m). The more
recent samples probably represent uncontaminated rock gas. This conclusion is supported by data
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collected from 1986 through 1994, which show CO, concentration from 100 m to 360 m changed
very little (Yang et al. 1996, Figure 18).

The CO, concentrations on the upper portions of UZ-1 are elevated due to their proximity to the
soil zone where biologic activity increases CO, concentrations (Yang et a. 1996, p. 40). The
increased CO, concentrations at the bottom of the borehole probably represent breakdown of
organic polymers from drilling fluids. The consistently low values for CO, concentrations at
Probe 13 cannot be explained by currently available data. If probe 13 is sensing a fracture
connected to the atmosphere, the concentrations would indeed be anomalously low, but the 5°C
composition would aso be anomalously heavy, which is not the case (Figure 19 in Yang et al.
1996).

Essentially all gas data indicate that the partial pressure of CO, in the unsaturated-zone gas phase
is higher by factors of three or more than that in the atmosphere. This conclusion is based on
analyses of CO, concentrations in open boreholes NRG#4, NRG#5, NRG-6, NRG-7A, SD-9,
SD-12, UZ-7, UZ#16, WT-4, WT-18, UZ-6, and UZ-6s as well as in instrumented borehole UZ-
1 (DTN: (GS941208312261.008, GS950808312261.004, (GS951208312261.008 and
(GS9912299992271.001, data set 9507----2271.001). Some of these data are listed in Tables 18
and 20.

6.7.2.2 Carbon | sotopesin Gases

Carbon isotopes were monitored at the different sampling depthsin UZ-1 starting in 1984 (Y ang
et a. 1996, Figures 19 and 20). Early data show the effects of contamination by drilling air, as
evidenced by shifts in the radiocarbon profile from one sampling period to the next (DTN:
(GS930508312271.021 for 1984 and 1985, and GS991299992271.001, data set 9512----2271.010
for 1986 and 1987, and data set 9112----2271.009 for 1988). The *C activities have stabilized
since 1989 (top part of Figure 44) and these more recent data sets are more representative of in
situ conditions, although some of the & **C values still show fluctuations at a given sampling
depth that lie outside the range of analytical uncertainty (e.g., Probe 11 in the bottom part of
Figure 44). Most values for & **C lie within the range of -16 %o to -22 %o (Table 20 and Figure
44). SD-12 gases are lighter, ranging from —20 %o to —25 %o (two samples with values of —16 %o
and —17 %o are believed to have been contaminated with atmospheric air, based on their **C
activities) (Table 20). Slightly heavier 5 **C values ranging from -13.5 %o to -16.5 %o were
obtained for gas samples from boreholesin ESF alcoves 1 and 6 (Table 21). Thereis very little
overlap between the & *3C values for UZ-1 and SD-12 gases and those obtained for the gases
from the ESF boreholes. However, the slightly heavier & **C values observed in the ESF alcoves
are likely to be due to contamination by atmospheric CO, as a result of ESF ventilation through
highly fractured TSw tuff. Hence, the UZ-1 & **C values that were obtained before the excavation
of the ESF are considered to be more representative of in-situ rock gas & **C values.

The *C data for UZ-1 have been very consistent for the last seven years of monitoring, with a
gradual decrease in *C activity with depth to about 23 pmc at 368 m (Figure 44). The *C
profile shows an abrupt change in the slope within the Pah Canyon interval of the PTn. The gas
transport velocity (**C concentration gradient over distance) within the PTn unit is smaller than
the transport velocity in the TSw unit (Yang et al. 1993, p. 404). The smaller transport velocity
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may be due to a greater degree of water saturation in this unit. An estimate of the minimum
travel time of gas in the TSw unit based on the apparent *C ages and depths in the borehole
yields gas movement of 3.26 cm/year. This rate, as well as results of gas-transport modeling
(Yang et a. 1996, pp. 47 and 49), is nominaly consistent with downward movement of
atmospheric CO, by simple Fickian diffusion. The fact that the **C values of rock gas in the
closed (i.e., instrumented) borehole decrease steadily with depth indicates that inhalation and
exhalation of gases in response to changes in atmospheric pressure, as observed in open
boreholes, is not a significant process under undisturbed conditions. If such a topographic effect
were to be significant, then **C values would not decrease steadily as seen in UZ-6 and UZ-6s.
Although diffusion may not be the only mechanism for gas movement in the TSw unit at UZ-1, it
seems to be the dominant mechanism and can account for the observed distribution of gaseous
4C with depth.

The extent to which rock gas is in isotopic equilibrium with the pore waters is not clear. The
isotopic composition of pore waters is highly variable, with & **C ranging from -9 %o to -27 %o
(Table 15, Figure 34). Unsaturated-zone gases show a nearly identical range, with & **C ranging
from —8 %o t0 -26 %o (Tables 18 to 21). At equilibrium, carbon in bicarbonate in water should be
about 8.5 %o heavier than carbon in CO, in the gas phase at 25°C (Clark and Fritz 1997, Figure
5-4 on p. 120). For the example shown in this reference, 5 **C would be -15.1 %o for agueous-
phase HCO; in equilibrium with gas-phase CO, with & *C of -23 %.. Although no data exist for
gas and pore water extracted from the same sample, Table 22 compares samples that were
collected from the same genera depth rangesin Y ucca Mountain boreholes. These samples show
apparent disequilibrium insofar as the differences for & **C in gas and pore water are much less
than 8.5 %o for all but a couple samples from the CHn unit in UZ-14. After coexisting for
hundreds or even thousands of years, CO, gas in pore spaces would have to be in isotopic
equilibrium with inorganic carbon species in the pore water. Therefore, the apparent
disequilibrium between the two phases is probably not representative of in situ conditions, but
rather a consequence of the drilling or sampling technique; e.g., in a fractured rock, the pore
water may have been contaminated by drilling air, or the sampled gas may not derive from the
immediate vicinity of the packed-off-interval.

Although the data sets are less extensive, data for NRG-6 and NRG-7a (Table 15) yield different
results from those for UZ-1 and SD-12 (Table 20). In these drillholes, **C activity does not
appear to decrease with depth, and in fact, all three gas analyses from NRG-7a show post-bomb
carbon. However, leakage of air through poor sealing of the packer system against the borehole
wall could account for these large *C activities.

The *C activity of gas in borehole SD-12 is similar to that of UZ-1 in that there is a decrease
from surface to depth, but with some irregularly large deviations from the trend (Table 20).
Another striking difference is the markedly lighter carbon in SD-12 and the strong correlation
between 5™C and *C activities. Rousseau et al. (1997, p. 64) noted that the pneumatic pressures
in the two deepest stations of SD-12 (both within the CHn) were lower than predicted by
extrapolation of the static-pressure profile developed across the overlying TSw. This “gas-
pressure deficiency” could be due to the presence of hydrocarbons, perhaps breakdown organic
products from the drilling operation. The oxidation of hydrocarbons, such as methane, could
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account for the anomaloudly light carbon in the drillhole. Assuming that the methane is older
than 50,000 years, this source would also account for the low *“C activity of the sample at 407 m.
Because the postulated methane would be affecting both carbon isotopes, the two isotopic
compositions would tend to be correl ated.

The smooth **C trends observed in the SD-12 data are consistent with the data obtained from
UZ-1, supporting the concept of gas transport by a diffusion mechanism as previously concluded.
However, the large fluctuations towards greater percentages of modern carbon at a couple of the
SD-12 stations probably represent a fracture-flow component. Alternatively, the component in
the bottom of the hole could be modern atmospheric carbon, given the sharp increase in both &
3¢ and *C (Table 20). Tests conducted on SD-12 instrument stations in January 1997 reveaed
a leak between one of the monitoring stations (Station C at a depth of 385.6 m in the Tptplnc
unit) and the open fiberglass support pipe (Rousseau et al. 1997, p. 21), which probably allowed
gas samples from this station to be contaminated with atmospheric air (Yang, Yu et al. 1998, p.
21). Monitoring data suggest that atmospheric contamination of the lowest station (A) may have
occurred prior to instrumentation and sealing of the borehole (Yang, Yu et a. 1998, p. 21).

6.7.3 Representativeness of Available Data

Gas chemica and isotopic data reported for boreholes UZ-1 and SD-12 are considered to be
representative of in-situ conditions at specific depths. Data obtained in annual sampling events of
borehole UZ-1 for gas compositions over a decade have established that variability in gas
compositions (that is, CO, partial pressure and isotopic compositions) tends to decrease with
time in instrumented boreholes. This fact suggests that reported gas compositions reflect distinct
zones in the borehole and that the compositions reflect in-situ (that is, natural) compositions.

Data for samples collected from open boreholes are less useful because the gas samples are
subject to contamination from atmospheric gas as a result of drilling and because most of these
gas samples were obtained from open boreholes and thus reflect an averaging of gas
characteristics over large depth intervals. This approach makes it difficult to associate a given
gas analysis with a pore water from a specific depth interval.

The number of boreholes for which gas data are available is limited in terms of both ared
coverage and depth. This fact makes it difficult to evaluate the & *C variations in gas
compositions in the unsaturated zone of Y ucca Mountain.

6.8 CHEMICAL AND ISOTOPIC COMPOSITION OF SATURATED-ZONE
GROUNDWATER

Uranium activity ratiosin local groundwater are considered to be primary input data, and provide
the technical basis for identifying the presence of local recharge beneath Yucca Mountain
(section 6.6.8). These input data are listed in section 4.1.12 and are discussed in section 6.6.7.
All other groundwater chemistry and isotopic data are used in a corroborative manner, to
characterize local and regional groundwater chemistry in terms of average concentrations and
relative ion ratios. These groundwater trend data provide a baseline against which to compare
and contrast chemical compositions of the various sources of water at Yucca Mountain, and to
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illustrate general trends of relative enrichment or depletion of one element compared to another
(sections 6.8.2 and 6.8.3). No assumptions are listed in Table 2 that apply to discussions in this
section.

6.8.1 Processes That Control Saturated-Zone Water Chemistry

The chemistry of saturated-zone waters is determined by a series of processes that are linked in
space and time. In this section, the primary focus will be on processes that control the chemistry
of groundwaters along flow paths from recharge areas north of Y ucca Mountain, through Y ucca
Mountain, and downgradient from Y ucca Mountain to the accessible environment. A discussion
of saturated-zone geochemistry has been included in this report on unsaturated-zone
geochemistry because the similarities in compositions between groundwater and perched water
suggest that similar geochemical processes control their compositions, and that these processes
differ from those controlling the geochemistry of unsaturated-zone pore waters. The chemistry
of local saturated-zone water is compared to that of perched watersin section 6.8.3.

The main processes that determine groundwater chemistry along its flowpaths are:
» Precipitation quantities and compositions (Section 6.3)

» Surface-water quantities and compositions at recharge areas and along flow paths
between recharge areas and the accessible environment (Section 6.4)

» Soil-zone processes at recharge areas and along flow paths between recharge areas and
the accessible environment, including the effects of evapotranspiration

* Rock-water-gas interactions in the unsaturated zone at recharge areas
* Rock-water-gas interactions in the unsaturated zone (Section 6.7)

* Rock-water interactions in the saturated zone along flowpaths between the recharge
areas and the accessible environment

» Temperature and pressure along flow paths between recharge areas and the accessible
environment

* Mixing of groundwaters from different flow systems

Recharge areas for saturated-zone waters in Yucca Mountain are located to the north of Yucca
Mountain in the direction of Buckboard Mesa, Rainier Mesa, and Pahute Mesa (Figure 2). The
rock types dominating the recharge areas are silicic and basaltic volcanic units (Byers et a. 1976,
pp. 6, 7, and 19). Although Paleozoic limestones and other sedimentary units are present at great
depth, they do not appear to influence the compositions of waters that occur in the volcanic units
in the saturated zone beneath Y ucca Mountain.

Climatic conditions in the recharge areas are somewhat different from those that prevail at Y ucca
Mountain. Specifically, they receive more precipitation and are cooler on average than the Y ucca
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Mountain area and support a greater abundance of vegetation. Accordingly, infiltration rates on
Pahute Mesa are a so expected to be higher on average than infiltration rates on Y ucca Mountain.
Higher infiltration rates imply that dissolved salts and other constituents that may accumulate in
the soil zone as a result of evapotranspiration of infiltrating waters (that is, precipitation) have
shorter residence times in this zone. This process is likely the reason that soils on Pahute Mesa
and adjacent areas contain much less pedogenic calcite and/or silica than is the case at Yucca
Mountain. The higher infiltration rates also imply that waters infiltrating into the saturated zone
will have lower salt and silica concentrations than is the case at Yucca Mountain. This dilute
composition makes these waters more reactive with respect to the rock units through which they
may subsequently migrate.

As discussed in Section 6.5, water-rock reactions that occur in the soil zone or the unsaturated
zone include mineral dissolution, mineral precipitation, mineral alteration, and ion exchange on
charged surfaces. Because the waters percolating downward from the soil zones in recharge
areas are likely more reactive than soil waters percolating into the unsaturated zone in Yucca
Mountain, dissolution reactions are likely more important in the unsaturated zones of the
recharge areas. The dominant changes to the water compositions that result from these reactions
aremajor increases in silica, sodium, and bicarbonate (White et al. 1980, pp. Q15 to Q17).

Once the water has undergone the initial dissolution reactions, the rate of change in water
composition would likely decrease. This decrease is because the rate of dissolution is a function
of the degree to which the water has approached thermodynamic equilibrium with the rock units
with which it is in contact. The closer the water is to thermodynamic equilibrium with the host
rock, the slower the rate of reaction.

Actua calculation of the degree to which the reaction approaches thermodynamic equilibrium is
difficult because the reactions involved are commonly incongruent. For example, in the case of
feldspar equilibration with a given water composition, the feldspar crystals do not ssmply
dissolve into the solution. It appears that the cation/hydrogen ion-exchange reaction discussed
previoudy (Section 6.5.3.2) causes the feldspar surface layers to be converted (that is,
hydrolyzed) into a poorly structured hydrogen aluminosilicate solid “phase.” Sodium, potassium
and calcium are the mgjor cations that participate in this exchange. The solubility of this solid
“phase” would then control the rate of disappearance of the feldspar crysta (Brantley and
Stillings 1996, p. 101). Unfortunately, the thermodynamic properties of this solid “phase” are
not well defined. The same situation occurs with the hydrolysis of volcanic glass at ambient
temperatures.

The dominant water-rock reactions that impact the water chemistry after the initial dissolution
reactions are silica precipitation and ion exchange involving minerals such as zeolites and clays.
The cation/hydrogen ion-exchange reaction will also continue to be of significance. The ion-
exchange reactions will tend to lead to increased sodium concentrations and decreased calcium,
magnesium, and potassium concentrations in the waters. However, changes in the concentrations
of these ions will only occur if zeolites and/or clays are present in adequate quantities in rock
units through which the waters migrate. The sodium/hydrogen ion-exchange reaction will
continue to increase the sodium content of the waters until thermodynamic equilibrium is
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achieved with the host rock (although the formation of metastable phases may cause the approach
to equilibrium to be very slow).

The degree to which alteration reactions involving silicates and aluminosilicates in the host rock
control water compositions is unclear. For example, volcanic glass is thermodynamically
unstable in contact with water at ambient conditions, and given enough time, it will ater to
secondary minerals such as clays, zeolites, silica polymorphs, and other minerals. However,
glass is still present in great abundance in the volcanic units that make up Pahute Mesa and
Rainier Mesa (Byers et al. 1976, pp. 6, 7 and 19). Although glass alteration reactions are taking
place at some rate, this rate appears to be much slower than the rate of the initial dissolution
reactions and ion-exchange reactions. For purposes of predicting water compositions, restricting
the discussion to the latter reaction is probably adequate given the current state of knowledge.

Controls on the pH of groundwaters in the saturated zone are similar to those discussed in
Section 6.5.3.2. In brief, the primary controls on pH are the partial pressure of CO, and the rate
at which hydrogen ions are consumed by the rock/mineral matrix. In the saturated zone, access
to the CO, reservoir in the gas phase of the unsaturated zone becomes progressively more
difficult with depth. Therefore, unless a secondary source of carbonic acid or another source of
acidity (for example, sulfide minerals) exist in the saturated zone, the reaction of hydrogen ions
with the rock/mineral matrix will eventually consume the available acidity, leading to increased
pH. The high pH value observed in H-3 (pH 9.4) (Ogard and Kerrisk 1984, p. 9) likely reflects
this process.

Controls on reduction/oxidation (redox) states in the saturated zone are more difficult to define.
Potential redox reactions in the saturated zone include various redox couples such as
oxygen/water, ferrous/ferric iron, sulfide/sulfate, nitrite/nitrate, and other couples. The methane/
CO, couple is not likely to be of significance where methane abundances are very low because
this redox couple only becomes active at low temperatures if it is microbialy mediated. |If
dissolved oxygen is higher than approximately 0.1 mg/L, it could produce arelatively high redox
potential (Eh > 600 mV). The redox state of saturated-zone waters as calculated from the
concentrations or activities for respective couples may or may not be at equilibrium. Lindberg
and Runnels (1984, p. 925) have argued that ground and surface waters are rarely in equilibrium
in terms of redox couples and that different couples may give different redox potentials (that is,
Eh). However, this conclusion is based primarily on measurements on young groundwaters.
Deep groundwaters such as those in the saturated zone at Yucca Mountain have had longer
residence times during which to reach equilibrium.

In summary, the dominant processes that are likely to control water compositions along the flow
paths from recharge areas to the saturated zone beneath Yucca Mountain are dissolution
reactions, silica and calcite precipitation reactions, and ion-exchange reactions. The pH of these
waters will be controlled primarily by the partial pressure of CO, and the rate at which the rocks
consume hydrogen ions. Controls on the redox state in the saturated zone are poorly defined at
the present time.
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6.8.2 Present-Day Regional Characteristics

This section summarizes the available data for groundwater chemistry in volcanic aquifers and
tuffaceous valley fill in the saturated zone in the Y ucca Mountain region extending from recharge
areas north of Yucca Mountain along flow paths through Y ucca Mountain and to the accessible
environment boundary south of Y ucca Mountain.

Figure 45 shows the locations of several wells on Pahute Mesa from which water samples have
been obtained. All of these wells were completed in Tertiary volcanic rocks (McKinley et al.
1991, Table 5). Full identifiers for these wells are shown in Figure 47. Based on regional flow
models, only those wells in the eastern part of Pahute Mesa are likely to lie along flow paths that
pass through the Y ucca Mountain area. Those wells located in the western part of Pahute Mesa
apparently lie along flow paths that pass through Oasis Valley. Water samples from springs
located in the area of Rainier Mesa may reflect the compositions of waters recharging the
saturated zone in the Pahute Mesa area.

The available data on saturated-zone waters from the recharge areas consist primarily of analyses
of the magjor constituents, although a limited number of isotopic analyses have been reported.
A trilinear plot of relative magjor-ion abundances in saturated-zone waters from eastern Pahute
Mesa and southern Rainier Mesa is shown in Figure 47. The data indicate that the waters are
dominated by sodium bicarbonate. These waters have pH values ranging from 7.4 to 8.2 and
total dissolved solids ranging from 169 to 578 mg/L. Claassen (1985, p. F13) noted that these
waters are chemically relatively evolved. By this he was apparently referring to the fact that the
ratio of sodium to other major cations was high. Because these waters occur in the recharge area
(that is, they are theyoungest watersin the flow system), this is an important observation.

The locations of wells in the vicinity of Yucca Mountain from which groundwater samples were
taken to obtain geochemical data are shown in Figure 46. Physical data for these wells are listed
in Table 24. The relative abundances of major ionic constituents in saturated-zone waters from
wellsin the vicinity of Yucca Mountain are plotted in Figure 48. Comparison of Figures 47 to 48
shows saturated-zone waters from volcanic aquifers to be very similar in both areas. Data for
down-gradient waters were not plotted in the cations/anions versus chloride plots (Figures 24 to
28) because they directly overlap data points for Y ucca Mountain area saturated-zone waters. The
down-gradient waters show a pH range from 7.5 to 8.2 and arange in total dissolved solids from
217 to 233 mg/L, depending on where the southern boundary is placed (Excel file yuccaxlsin
Oliver and Root 1997). The fact that the down-gradient waters are even farther from the recharge
areas than those in the Y ucca Mountain area again suggests these waters are close to equilibrium
with their host rocks.

6.8.3 Present-Day Characteristics of Groundwatersin the Yucca Mountain Area

As pointed out in the last section, saturated-zone waters from volcanic aquifers in the recharge
area are compositionaly very similar to saturated-zone waters from the Yucca Mountain area
(compare Figures 47 and 48). Anayses of groundwater from drillholes that penetrate the host
rock and other volcanic unitsin the area of the exploration block indicate that they are principally
sodium-bicarbonate waters (Figure 48) with low contents of total dissolved solids (200 to 400
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mg/L, based on data in DTN: GS930308312323.001, (GS980908312322.008,
(GS990608312133.001 and Excel file yuccaxIsin Oliver and Root 1997). Compared to watersin
the recharge areas, the Y ucca Mountain area waters show a greater range in pH vaues from 6.6
to 9.2 and total dissolved solids ranging from 181 to 887 mg/L (DTN: GS930308312323.001,
(GS980908312322.008, GS990608312133.001 and Excdl file yuccaxlsin Oliver and Root 1997).

Plots of the mgjor cations versus chloride show that saturated-zone waters (as well as perched
waters, based on data from Sections 6.5.3 and 6.6.5) are generally distinct from unsaturated-zone
pore waters in the Yucca Mountain areain several ways:

» First, saturated-zone waters and perched waters have much lower chloride
concentrations than the pore waters (Figure 18). This result suggests the saturated-zone
and perched waters were subject to less evapotranspiration than the pore waters. An
aternative explanation, loss of chloride from solution by reactions with glass or
hydroxyl phases in tuff, is improbable for unsaturated-zone pore waters at Yucca
Mountain.

» Second, saturated-zone waters are either on or above the precipitation trend line in a
sulfate versus chloride plot suggesting they gained sulfate, perhaps by dissolving some
sulfate mineral(s) such as gypsum (Figure 27). Among the unsaturated-zone pore
waters, only some samples from the PTn unit show a similarly high SO./CI ratio. The
vast majority of pore waters plot well below the trend line.

e Third, unlike unsaturated-zone waters, all of the perched waters and a significant
proportion of the saturated-zone waters plot above the precipitation trend line in a
calcium-versus-chloride plot (Figure 24). This result suggests some of these waters
gained calcium while others lost calcium. The fact that nearly all of these waters gained
bicarbonate (Figure 25) suggests the calcium gained may have come from the dissolution
of calcite. The loss of calcium likely reflects ion-exchange reactions on clays and
zeolites. This possibility is supported by the fact that these waters have all gained
sodium (Figure 26).

» Finally, silica concentrations in these waters are slightly lower than those measured in
most pore waters. However, nearly all waters are oversaturated with alpha-cristobalite
(Figure 28), suggesting that a different silica phase may control their concentrations.

On trilinear diagrams, local groundwater and perched waters show distributions of major ions
that are quite similar to one another (Figures 17 and 48), and considerably different from those of
unsaturated-zone pore waters. The relative abundances of cations in saturated-zone waters show
considerable variation from east to west across Y ucca Mountain, with perched water being most
like groundwater from wells in Fortymile Wash (e.g., J-13). Wells on Y ucca Mountain and just
to the west (USW H-3, USW H-5, and USW H-6) plot nearest the sodium apex of Figure 48.
WEells on the eastern slopes and washes (USW H-1, USW H-4, USW G-4, J-13, and UE-25 b#1)
show increasing levels of calcium. The NatK / CatMg molar ratio increases from 3.8 in J-12 to
263 in H-3. This result most likely reflects ion-exchange reactions involving the zeolites and
clays in the saturated-zone units beneath Yucca Mountain and the sodium/hydrogen ion-

ANL-NBS-HS-000017, Rev 00 Page 91 of 156



exchange reaction. The fact that bicarbonate concentrations also increase from east to west
suggests a significant contribution from the | atter reaction.

The anionic constituents of the Yucca Mountain groundwaters show a relatively uniform
distribution in all the wells, with about 80 percent bicarbonate and the remainder as sulfate and
chloride (usualy present in nearly equal molar concentrations) and fluoride (in varying
concentrations). Perched waters have a dightly higher molar proportion of bicarbonate (about
85% of total anions) and more than twice the proportion of sulfate relative to chloride (Figure
17).

6.84 Representativeness of Available Data

Because the analyses of magor constituents in saturated-zone groundwaters from volcanic
aquifers in the Yucca Mountain region show only limited variability (compare Figures 47 and
48), the avail able data are sufficiently representative for characterization and modeling purposes.
For pH, bounds can be placed on the likely variability to be expected based on observations and
hydrochemical models.

6.9 FLUID GEOCHEMICAL INDICATORS OF FLOW AND TRANSPORT
PROCESSES

6.9.1 ChlorideasaHydrologic Tracer

Chloride pore-water concentrations obtained from unsaturated core samples serve severa
purposes within the Y ucca Mountain investigation:

 Infiltration estimates. Cl concentrations provide independent corroboration of surface
infiltration rates estimated by modeling. The Cl mass balance (CMB) method estimates
infiltration as a proportion of precipitation based upon the enrichment of Cl in pore
water relative to its concentration in precipitation.

* Perched water origin. The origin and age of perched water bodies underlying Y ucca
Mountain have been problematic because their ClI concentrations (4 to 10 mg/L) are
generaly considerably lower than those of pore waters from the unsaturated zone above
the bodies. Expanding the spatial coverage of the pore-water data helps constrain the
various hypotheses on the derivation of the perched water.

* Mixing of waters. CI, Br, and SO, pore-water concentrations indicate the extent to
which water geochemistry is homogenized as it percolates through the nonwelded
Paintbrush unit. Fracture-dominated flow in the overlying low-permeability, highly
fractured TCw unit is expected to transition to matrix-dominated flow in the high-
permeability, comparatively unfractured PTn (Wolfsberg et al. 1998, p. 82). The
transition process from fracture to matrix flow in the PTn, as well as the transition from
low to high matrix storage capacity, could damp out most of the seasonal, decadal, and
secular variability in surface infiltration. This process could also result in the
homogenization of the variable geochemica and isotopic characteristics of pore water
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entering the top of the PTn. In contrast, fault zones that provide continuous fracture
pathways through the PTn may damp climatic and geochemical variability only slightly
and may provide fast paths from the surface to the sampled depths, whether within the
PTn or in underlying welded tuffs (Wolfsberg et al. 1998, p. 82 and Figure 2). If this
concept can be validated, then it would suggest that repository design and performance
assessment efforts can be based on fluxes that are uniform in time, except near fault
Zones.

» Lateral diversion. Variability in Cl, Br, and SO, pore-water concentrations can be used
to assess the extent to which water may be laterally diverted due to contrasting
hydrologic properties of the various stratigraphic units above the potential repository
horizon (although it is recognized that this aspect may be obscured by climatic
variability in the geochemistry of infiltrating fluids).

* Mode calibration. To the extent that the Cl pore-water database can be extended to a
wide spatial and stratigraphic coverage, it is an increasingly valuable data set for site-
scale modelers to usein calibrating flow and transport models of Y ucca Mountain.

6.9.2 Infiltration Estimates using the Chloride M ass Balance M ethod

Precipitation data used in Section 6.9.2 to estimate bounds on present-day average chloride
deposition rates at Y ucca Mountain are listed in section 4.1.1. Pore-water chloride data analyzed
by the CMB analysis are listed in section 4.1.3. Determination of the background *Cl/Cl ratio
for the Y ucca Mountain vicinity, which is used to estimate the long-term average chloride
deposition rate at Y ucca Mountain, uses input data listed in section 4.1.16. Assumptions 1, 2
(TBV), 3,19 (TBV), 20 (TBV), and 21 (TBV) from Table 2 apply to discussionsin this section.

6.9.2.1 Chloride mass balance mode

The CMB approach is based on the premise that the flux of Cl deposited at the surface equals the
flux of Cl carried beneath the root zone by infiltrating water. With increasing depth, as water is
extracted by evapotranspiration, Cl concentrations in pore waters increase and apparent
infiltration rates decrease. Net infiltration is the flux of water moving below the zone of
evapotranspiration, at which depth Cl concentrations remain relatively constant (Figure 49a).
Infiltration rates can thus be estimated from measured Cl concentrations using the relationship:

| = (P Co)/C,, (Ean 8)

where | isaverage net infiltration (mm/yr), P is average annual precipitation (mm/yr), Co isthe
effective average Cl concentration in precipitation (mg/L), including the contribution from dry
fallout, and C;, is the measured Cl concentration in pore water (mg/L).

This approach has been widely used to estimate water transport rates in alluvial profiles through
the unsaturated zone and basin-wide recharge (e.g., see reviews by Dettinger 1989, pp. 57 to 61,
Herczeg and Edmunds 2000, pp. 49 to 50; Phillips 1994, pp. 19 to 21; Scanlon et al. 1997, pp.
47010 472). Estimates of recharge using the CMB technique for 15 groundwater basinsin
Nevada were found to be in fairly good agreement with estimates obtained by the Maxey-Eakin
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linear step function (Dettinger 1989, p. 75). Using a 6-year study of two upland basins selected as
analog wetter climate sites for Y ucca Mountain, Lichty and McKinley (1995, p. 1) showed the
CMB method to be more robust than awater balance modeling approach using a deterministic
watershed model for estimating basin-wide recharge for two comparatively wet sitesin the
Kawich Range north of Yucca Mountain. They attributed the robustness of the CMB method to
the small number of measured parameters required as compared to the number of parameters
needed for defining a deterministic watershed model. Point estimates of net infiltration or
recharge using the CM B technique tend to be less robust than basin-wide estimates because of
additional assumptions concerning vertical ground water flow and surface water flow.

6.9.22 Mode assumptions

The CMB method is based on the following simplifying assumptions (Assumptions 19, 20, 21 in
Table 2, dl TBV):

» the average annua Cl deposition rate (the product of precipitation and Cl concentration in
precipitation), is known and constant (or can be bounded) throughout the time period of
interest,

* run-on or run-off isnegligible,

» lateral subsurface flow, such as along the bedrock/alluvial contact, is negligible,
» precipitation (dry and wet fallout) is the only source of Cl,

» thereisnosink for Cl,

» transport of Cl in soil can be approximated as piston flow (i.e., uniform downward movement
of water without dispersion),

» preferentia flow allowing a portion of dilute infiltrating water to bypass the root zone (e.g.,
viaroot channels or fractures) is negligible, and

» extracted pore water is representative of in-situ infiltrating water.

Applicability of the CMB method to the specific conditions at Y ucca Mountain (e.g., shallow
soil cover over fractured rock) is an assumption to be verified (TBV) (Assumption 19 in Table
2). Itispossiblethat relatively dilute water that has infiltrated rapidly through fracture pathways
may be inadequately represented by matrix pore water because of incomplete mixing. If thisis
the case, matrix pore-water samples might be biased toward the slower moving, more
concentrated matrix component of flow; and percolation estimates based on these samples would
constitute lower bounds on the actual percolation rates. In the PTn, some component of the flux
can bypass the matrix as fracture or fault flow, as evidenced by the presence of bomb-pulse
tracersin the ESF. However, based on the discussion of these assumptions, the method appears
to be valid for a first-approximation of infiltration at Yucca Mountain (Fabryka-Martin, Flint et
al. 1997, section 6.3.1).
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6.9.2.3 Model parameter values

Two approaches can be used to estimate the deposition rate of meteoric Cl onto the land surface
at Yucca Mountain: (a8) measuring Cl concentrations in precipitation and dry fallout, and (b)
dividing the natural *°Cl fallout at the site, which varies with latitude, by the prebomb **Cl/Cl
ratio (Phillips 1994, pp. 22 to 23; Scanlon et a. 1997, p. 471). Both approaches have been taken
for Yucca Mountain. Deposition is highly variable on short time scales, such that long-term
monitoring records are needed that cover all seasons for several years or more. Section 6.3.2
summarizes the availability of precipitation records for the area:

* In his study of desert basins in Nevada, Dettinger (1989, p. 62) calculated an average bulk-
precipitation concentration of 0.6 mg/L (using data from 8 sites). For his study of rechargein
Las Vegas Valley, this author used an average concentration of 0.4 mg/L (for 74 sites) but
noted that 66 of the sites only had wet fallout data (Dettinger 1989, pp. 63 and 66).

» At 3 Springs Basin north of Yucca Mountain (Figure 1), the average annual Cl concentration
was 0.51 mg/L with an average annual precipitation rate of 335 mm (calculated from datain
DTN: GS930108315214.003, GS930108315214.004, and GS930908315214.030; these data
were also published in McKinley and Oliver 1994, pp. 23 to 27, 66 to 74, and McKinley and
Oliver 1995, pp. 17, 18, 29 and 30).

» Cl datafor the Red Rock Canyon site outside of Las Vegas (Figure 1) average 0.16 mg/L for
an average annual precipitation of 162 mm, but only include wet fallout (data from DTN:
LAOO03JF12213U.001).

* The concentration of Cl in 111 samples collected from Y ucca Mountain for the present study
during the Spring of 1995 ranged from 0.3 to 1.8 mg/L, averaging 0.5 mg/L (DTN:
LAJF831222AQ95.003).

A longer-term record is provided by the second approach in which the Cl deposition rate (D¢)) is
estimated from:

D¢ = Dss / (°CI/Cl),, (Eqn 9)

where D3 is the deposition rate of prebomb *°Cl, and (**Cl/Cl), is the prebomb *Cl/Cl ratio.
The prebomb **CI/Cl ratio is 502 x 10, based on analyses of 41 samples of soil, alluvium and
fossil packrat urine (Table 25). The data for radiocarbon-dated packrat samples indicate that this
ratio has been fairly constant throughout the Holocene. For the latitude at which Yucca
Mountain is located, Phillips (2000, Figure 10.2 on p. 308) presents an empirical equation for
estimating *°Cl deposition rate as a function of precipitation:

D3s = 0.047 P+ 8.09, (Egn 10)

where D5 has units of atomsm™ s, and Pis average annual precipitationin mm. The average
annual precipitation over YuccaMountain is 172 mm and ranges from 128 mm at the lower
elevations (3000 ft) to over 231 mm at higher elevations (6000 ft) (Hevesi et a. 1992, p. 677 and
eguation 5 on p. 685). Using these precipitation bounds, estimates for D3 range from 14
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atoms/m?/s (for an average annual precipitation of 128 mm), to 19 atoms/m?/s (for 231 mm),
averaging 16 atoms/m?/sfor Y ucca Mountain itself (172 mm). Estimates for D¢ thus range from
52 to 70 mg/m?/yr (for precipitation of 128 and 231 mmVyr, respectively), corresponding to
effective Cl concentrations of 0.40 and 0.31 mg/L for these two precipitation rates. In general,
however, the spatial distribution of precipitation directly over the repository siteis fairly uniform,
with high rates over the crest (e.g., 184 mm/yr at UZ-6), decreasing to 160 or 150 mm/yr in the
lower washes (Hevesi et al. 1992, Table 3). Assuming an average precipitation of 170 mm/yr,
the Cl deposition rate for Yucca Mountain is 60 mg/m?/yr with an effective concentration of 0.35
mg/L.

From this discussion, the following is concluded:

 The rate of Cl deposition is proportional to the precipitation rate and is probably fairly
constant on the timescales of interest for estimating infiltration at Yucca Mountain (i.e.,
hundreds or thousands of years).

» Estimates of average annual Cl concentrations in precipitation at Y ucca Mountain range from
0.3t0 0.6 mg/L, with 0.35 mg/L being the best estimate for along-term average.

The relationship between measured pore-water concentration and inferred infiltration rate is
plotted in Figure 49b for this range of concentrations and a precipitation rate of 170 mm/yr.

6.9.24 I nfiltration rates at Yucca Mountain

Values of net infiltration estimated at Y ucca Mountain using the CMB technique range from less
than 0.1 mm/yr to nearly 20 mm/year (Tables 26 and 27). Table 26 lists Cl pore-water
concentrations for boreholes in the ESF, Cross Drift and Busted Butte, together with the
associated apparent infiltration rates. Average concentrations for the Y ucca Mountain samples
are tabulated in Table 27. Average Cl concentrations for the North Ramp (23 mg/L) and Main
Drift (20 mg/L) are similar to that for the Cross Drift (22 mg/L) and about a third of the average
value for the South Ramp (64 mg/L). Assuming precipitation of 170 mm/yr with an average Cl
concentration of 0.35 mg/L, these pore-water concentrations correspond to infiltration rates of 5
to 14 mm/yr above the North Ramp, Main Drift, and Cross Drift, and 1 to 2 mm/yr above the
South Ramp. Despite variable Cl concentrations in the easternmost South Ramp samples, the
corresponding infiltration rates calculated for individual samples cover a narrow range, 0.4 to 4
mm/yr (Table 26), because of the insensitivity of the CMB method to concentrations above about
20 mg/L (Figure 49Db).

Table 27 lists average Cl pore-water concentrations for surface-based boreholes, together with
the associated apparent infiltration rates. In the north part of the study area, Cl concentrations are
higher—and associated infiltration rates lower—for pore waters from these boreholes as
compared to pore waters from tunnel boreholes. This difference is probably due to the location
of the surface-based boreholes in washes with thick alluvial cover. On the basis of chloride
concentration data from alluvium and from nonwelded PTn, along with supporting information
from neutron moisture logging and *°Cl analyses, the alluvium is, in most cases, a significant
barrier to water movement and infiltration is indeed higher where aluvium is thin or absent.
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Some channel boreholes, as well as soil samples collected from sideslopes, display chloride
profiles that suggest recent flushing of chloride from the soil profile (as evidenced by low
concentrations in the surficial layers). Based on Cl concentrations, infiltration through the
alluvium islessthan 0.05 mm/year at UZ#16 and UZ-N54, which are located on alluvial terraces,
and 0.4 to 0.8 mm/year at UZ-N37, which is located in a channel. Pore-water chloride
concentrations from the PTn at UZ#16 yield an estimated percolation flux of 2 to 3 mm/year.
Pore-water chloride concentrations from the top of the PTn at UZ-14 yield an estimated
percolation flux of 0.2 to 0.4 mm/year. Estimates of percolation flux in the PTn using the CMB
eguation were 0.6 to 1.0 mm/year at UZ#4 and 1.4 to 2.4 mm/year at UZ#5.

6.9.3 Origin, Age and Continuity of Perched-Water Bodies

Hydrochemical and isotopic data are useful in the evaluation of alternative hypotheses for the
origin of perched water at Yucca Mountain. Among possible alternative hypotheses are the
following:

» They represent atransient rise in the water level in the saturated zone.

» They represent a remnant from a time during which percolation rates were higher and
locally exceeded the hydraulic conductivity of the rock unitsin the unsaturated zone.

* They reflect long-term steady-state conditions.

Although analyses of major chemical constituents in perched water and saturated zone waters
suggest a close similarity (Section 6.8.2), isotopic data generally do not. The &*C values, 3%'Sr
values, and 2*U/?U activity ratios for perched waters are generally distinct from those obtained
for saturated zone waters (Section 6.6). Further, there are consistent trends in 3°C values, 3*'Sr
values, and ?*U/?®U activity ratios in water and secondary mineral samples from the soil zone
down through the unsaturated zone and into the upper-most saturated zone (Sections 6.6 and
6.10). These observations strongly suggest that the water in the perched zones originated at the
surface of Y ucca Mountain and do not represent upwelling from the saturated zone.

Assuming the water in the perched-water bodies originated at the surface of Y ucca Mountain, the
next important question is how the water accumulated in the perched-water bodies. Did it
accumulate in a steady-state process that may be on-going or did it accumulate during a transient
period of increased infiltration a some time in the past? Analyses of magor chemica
constituents in perched water samples and pore waters squeezed from core samples indicate that
these two water types are generally different in composition. The pore waters have much higher
concentrations of most constituents compared to the perched water samples (Tables 6 and 8;
Figures 18 to 20). This observation suggests that the infiltration mechanism for matrix pore
water is different from that feeding the perched water bodies. The higher ionic strength of the
pore waters can be explained by higher rates of evapotranspiration at the infiltration points for
these waters, as compared to the locations at which perched waters infiltrate the subsurface.
Thus, perched waters appear, on average, to have spent less time in the near-surface zones than
did unsaturated-zone pore waters.
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The mechanism proposed to explain the chemical differences in pore waters and perched waters
is one in which pore waters flow primarily through the rock matrix while perched waters
accumulate from flow that occurred primarily through the fractures in the host rock. For perched
waters, isotopic data suggest that the flux of water through fractures is likely episodic and of
small volume compared to the hydraulic conductivity of the fracture. For example, 2*U/?®U
activity ratios measured in perched water samples are much higher than the ratios in pore waters
(Section 6.6.7). The high activity ratios in perched waters would be most readily produced when
there are episodic fluxes through many small fractures. Under these conditions of rare episodic
fracture flow, ?*U that has accumulated on the fracture surfaces between fracture flow eventsis
preferentially leached into the water relative to 2®U. If the origina concentration of uranium in
the water is small or if the flux of water is small, a high 2*U/*®U activity ratio can be produced
in the percolating water. Clearly, the higher the fracture surface area to water volume ratio, the
higher the resulting 2*U/*®U activity ratio, assuming all other factors remain constant.

The identification of bomb-pulse constituents at depth within Yucca Mountain (Sections 6.6.2,
6.6.3 and 6.6.4 for tritium, *°Cl and *C, respectively) suggests that flow along fractures can be
rapid. However, the absence of a clear bomb-pulse signal for any of these radionuclides in
perched water samples (Table 9, Section 6.6.3) indicates that the present-day flux of water from
the surface downward through fractures to perched water bodies must be small.

In summary, the hydrochemical evidence suggests that pore waters and perched waters in the
unsaturated zone at Yucca Mountain originated at the surface of the mountain. Perched waters
appear to form as aresult of episodic fracture flow involving small volumes of water. The travel
time of waters percolating from the surface to the depth of the perched water bodies can be short
(i.e., less than 40 years). The matrix pore waters apparently represent a more continuous
percolation of water infiltrated at the surface and moving slowly downward after enough
residence time in the soil zone to gain the maor-ion constituent concentrations observed in the
pore waters.

Data bearing on the age of perched water were discussed in Section 6.7.4. The **C values range
from 67 to 27 pmc, corresponding to “residence times’ of 3,500 to 11,000 years. These
“residence times’ have not been corrected for dead carbon that may have been gained by the
waters due to the dissolution of carbonate minerals along flowpaths from the surface.

6.9.4 lon Exchangein the Calico Hills Tuff

Data on mgjor-ion concentrations in unsaturated-zone waters beneath the proposed repository
horizon are of great significance as corroborative data for radionuclide transport calculations.
For example, the fact that pore waters in the lower portions of the zeolitized Calico Hills tuff
have negligibly low calcium and magnesium concentrations compared to pore waters in the
overlying units indicates that ion-exchange processes operate on the pore waters that percolate
through the zeolitic tuffs. These processes tend to remove calcium and magnesium from the
percolating waters, replacing them with equimolar concentrations of sodium. When combined
with *C age data suggesting relatively young ages (up to 100 pmc) for CHn pore waters, these
data indicate that ion-exchange processes operate on vertically migrating young pore waters in
the CHn. This suggests ion-exchange processes would also operate on any radionuclides
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released from the potentia repository into aqueous solutions that migrate verticaly into the
zeolitic CHn.

6.10 FRACTURE MINERALS

Calcite and opal are present as fracture and cavity coatings within the unsaturated zone at Y ucca
Mountain. These mineral coatings provide a record of past water percolation through the
connected fracture network in areas where solutions exceed chemical saturation with respect to
various minera phases. Calcite and opal are typically present in the form of 0.1-cm to 6-cm-thick
coatings in high- to low-angle fractures where apertures exceed several millimeters and on floors
of lithophysal cavities intersected by fractures allowing the ingress of fracture flow. A small
proportion of the calcite and opal deposits are present as cements coating breccia fragments in
narrow rubble zones, or as thin (1-mm to 5-mm-thick) filled veins with low porosity.

The following sources of primary input data are used to support the conclusionsin section 6.10:

uranium, thorium and lead isotopic data for minerals (section 4.1.17),

abundances of secondary mineralsin the subsurface (section 4.1.18),

carbon and oxygen isotopic data for minerals (section 4.1.19), and

strontium isotopic data for minerals (section 4.1.11).

6.10.1 Occurrencesof Mineral Coatings

6.10.1.1 Spatial Distribution of Mineral Coatings

The abundance of mineral coatings measured in the ESF ranges from zero to 0.65 percent (DTN:
(GS991299995215.001, data set MOL.20000104.0013). In general, nonwelded tuffs (PTn) with
large matrix permeability and few open fractures or cavities have small abundances compared to
values in the overlying welded TCw and underlying welded TSw tuffs. Abundance data for all
intervals in welded tuffs have an arithmetic mean of 0.084 percent; however, the frequency
distribution is strongly skewed, as shown in Figure 50. The data are better represented by a
lognormal distribution with a geometric mean of 0.034 percent. A number of factors may control
the distribution of hydrogenic minerals in the subsurface, including topography, infiltration,
fracture density, fault and shear frequency, and depth. None of these factors are highly correlated
to the measured mineral abundances in Figure 51. Instead, abundances measured by visuad
examination in the ESF show an apparent decrease with increasing stratigraphic depth in Figure
52 and appear to be associated, at least qualitatively, with fault density (Figures 51C and 51D).
Preferred estimates of mineral abundances grouped by stratigraphic position show an apparent
decrease with depth in the welded tuffs of the Tpt-welded with log means of 0.14 percent for the
crystal-rich nonlithophysal unit, 0.06 percent for the crystal-poor upper lithophysal unit, and 0.03

percent for the crystal-poor middie nonlithophysal unit. Uncertainties for percentages in these
groups have substantial overlap.
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Preliminary calcite abundance data from WT-24 cuttings indicate large abundances in the near-
surface welded TCw that decrease progressively downwards into the PTn (Figure 53). These
data imply a progressively smaller amount of evaporation and CO;, loss from the open fracture
network with increasing depth in the TCw (see assumption 22 in Table 2). These data also
indicate the likelihood of an inequality between estimates of net infiltration and the amount of
recharge to the PTn. Abundances are uniformly low in the lower part of the PTn and shallow part
of the underlying welded TSw, but increase with depth below the base of the PTn, especialy in
the upper and lower lithophysal units. These data will be used to help evaluate the 3-D model of
fracture mineral distribution and will provide fundamental information to be used in modeling
fracture fluxes based on mineral data.

Mineral coatings in fractures are generaly restricted to depositional sites where apertures exceed
several millimeters (Paces, Neymark et al. 1996, Section 2.1.1). Individual fractures that vary in
aperture aong their lengths commonly lack deposits in the narrow-aperture (typically less than 1
mm) portions but may contain coarse sparry calcite and opal in wide-aperture segments (typically
greater than 5 mm). Calcite and opal deposits are present on both high-angle and low-angle
fractures; however, the nature of the coatings differs between these two fracture settings.
Coatings on high-angle fracture surfaces are generaly less than 1 to 5 mm in thickness, whereas
coatings on low-angle fracture surfaces may attain thicknesses up to several centimeters. Opal is
most abundant in coatings on low-angle fractures and is commonly rare or absent in deposits on
high-angle fracture surfaces. Fracture coatings are present almost exclusively on the footwalls
(lower surface) of open-aperture fractures. Hanging wall (upper) surfaces of the same
mineralized fracture, unless near vertical, are amost invariably barren of mineral deposits.
Mineral coatings have outer surfaces that clearly grew into the open space. Completely filled
fractures, typically between 1 mm and 5 mm in width, constitute a small volume of the total
calcite deposited exposed in the ESF, in contrast to veins from the saturated zone that are
commonly filled with coarse cacite.

Floors of lithophysal cavities (primary spheroidal cavities, typically 5 to 50 cm in diameter) in
and subjacent to the upper lithophysal unit of the TSw can contain coatings of calcite and opal up
to 5 to 6 cm thick (Paces, Neymark et al. 1996, Section 2.1.2). More commonly, coatings vary
between 0.5 and 3 cm thick. Mineral coatings are present in only a small number of the total
lithophysae. Unlike the vapor-phase minerals that cover all surfaces of these cavities, calcite and
opal deposits are confined to the floors of the cavities. Walls and ceilings of lithophysal cavities
are barren of calcite and opa deposits. Even though the coatings are topographically irregular,
forming mound- and lump-like shapes rather than smooth, uniform layers, they typicaly follow
the slope of the floor. In those cases with dipping floors, coatings do not extend up the walls or
ceiling on the down-slope end of the cavity.

In most cases, lithophysae are intersected by thin-aperture fractures that could serve as fluid
pathways (Paces, Neymark et al. 1996, Section 2.1.2). These can either be high-angle, fractures
cutting the cavity ceiling, or bedding-plane partings that extend only short distances away from
the lithophysae. In some cases, ridges or valleys preserved in the mineral coatings may correlate
with the lower extension of the fracture. Obvious connections to a fracture network are not
always apparent; however fractures may have been removed by the tunneling process, or may
remain unexposed. Determination of the actual mechanisms of seepage into the cavities remains
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as one of the significant uncertainties of these deposits.

In addition, most calcite and opal deposits do not completely fill lithophysal cavities (Paces,
Neymark et a. 1996, Section 2.1.2). Typically the thickness of the minera coating is small
relative to the height of the lithophysae. In small or flattened lithophysae with heights of only
several centimeters, bladed calcite may extend from the bottom to the top of the cavity.
However, even in these instances, the voids between calcite blades remained unfilled and highly
porous. Calcite from completely filled thin veins (typically less than severa mm thick), which
are scattered throughout the rockmass, constitutes only a small proportion of the total volume of
fracture minerals.

6.10.1.2 Mineral Morphology

Calcite forms coarse, sparry crystals ranging from equant prisms to thin upright, blades
commonly having flaring-upward overgrowths at the blade tips (scepter-head overgrowths)
(Figures 2.3 and 2.8 and Section 2.3 of Paces, Neymark et al. 1996; Figures 3 and 4d and p. 8 of
Whelan et a. 1998). Opa in post-cooling mineral coatings is present as thin sheets or lacey
patchworks veneering calcite crystals or as small hemispheres present at the tips of calcite blades.
Both opal and calcite are finely layered (micrometer or finer) and are commonly intergrown at
very fine scales. These features contrast markedly with occurrences in the saturated zone where
large-aperture fractures are typicaly completely filled with coarse, banded calcite, and opal is
absent. The coatings are also distinct from the granular assemblage of tridymite/cristobalite and
minor akali feldspar and hematite that formed from a high-temperature vapor phase during
cooling of the tuffs and uniformly coats floors, walls, and ceilings of lithophysal cavities.

Mineral coatings commonly show a systematic sequence of growth that involves changes in both
mineral compositions and textures (Figure 2.8a and Section 2.4 of Paces, Neymark et al. 1996).
The oldest parts of the coating commonly include an early silica phase with or without calcite
and fluorite. The early silica phase commonly is represented by both chalcedony and euhedral
prisms of quartz, which are restricted to basal positions within individual mineral coatings.
Main-stage deposits consist of calcite that commonly has blocky to tabular textures in older parts
of the coating and delicate thin-bladed textures in the later parts. Opal is the dominant silica
phase throughout this main-stage sequence, and commonly is most abundant near outer surfaces.

6.10.1.3 Geochronological Observations

Outermost growth surfaces have been dated using radiocarbon (calcite), °Th/U (calcite and
opal) and ?’Pb/*°U (opal) methods (Appendices 1 and 2 of Paces, Neymark et al. 1996; Tables
B1, D1, and 3E of Paces, Marshall et a. 1997; Figures 2 and 3 of Neymark et al. 1998; Section
IV of Paces, Neymark et al. 1998). Radiocarbon dates range from 44 to 16 ka whereas “°Th/U
ages range from greater than 500 ka to 28 ka (see assumptions 24 and 25 in Table 2) (Figure 54).
Subsamples of opal at or near outer growth surfaces have ?°’Pb/?°U ages that commonly range
from about 100 kato just over 1 Ma. Growth surfaces of mineral coatings show no systematic
Z0Th/U age differences between calcite and opal regardless of the depositional setting of a
mineral coating indicating that lithophysal cavities are just as likely to receive percolating water
asthefractures. Mineral coatings from both settings have outer surfaces with ages that are young
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(typically less than 500 ka) compared to the age of the host rocks (12.7 Ma). However, there are
systematic differences between younger radiocarbon ages, intermediate *°Th/U, and older
2Py ages determined from outer surfaces of the same sample. It is also common for
multiple subsamples from the same outer surfaces to have different rather than similar ages.
Typically, the thinnest subsamples from a given surface tend to have the youngest ages. Where
multiple “°Th/U ages were obtained from different levels within the outer portions of a mineral
coating, deeper layers have older ages indicating progressive, outward growth of minerals. At
one site (sample HD2074 from ESF station 30+50.7), half-millimeter-radius hemispheres of opal
showing distinct micrometer-scale layering have >°Th/U ages of about 152 to 226 ka (Figure 55,
Table 28). Microdigestions of the outer layers (10 to 50 pum thicknesses) of these hemispheres
have distinctly younger ages between about 4 and 12 ka. Differences in age between the whole
hemispheres and their outer layers indicate that deposition of these small opal hemispheres was
not geologically instantaneous.

Uranium-lead isotopic systems can aso be used to date older layers within mineral coatings
(Neymark et al. 1998, p. 86). Opal layers within the interiors of mineral coatings have %'Pb/**U
ages that range from about 2 to 8 Ma (Figure 56). Ages were calculated from ?°’Pb/?°U ratios
given in DTN: GS970208315215.002 and GS970908315215.013, using the following formula
(Dickin 1995, p. 105):

Hzm Pb* H _ eAmt

S

where ?’Pb* is radiogenic Pb resulting from the a-decay of ?°U and its daughters, and Axssis the
decay constant of U, with avalue of 9.8485 x 10™° yr* (Steiger and Jager 1977, p. 359). Ages
become progressively older with increasing depth below outer surfaces. Ages of opal near the
base of mineral coatings are variable, typically from about 4 to 7 Ma implying that not all
mineral coatings were initiated at the same time. Chalcedony has somewhat older ages than opal
ranging between about 7.5 to 10 Ma. These results are consistent with paragenetic (depositional
sequence) observations. Neither opal nor chalcedony has yielded ?°’Pb/>*U ages older than
about 10 Ma resulting in an apparent time gap of over two and a half million years between the
deposition of the host tuffs and the oldest fracture mineral ages. It is not clear whether this time
gap represents a real period of non-deposition, or whether it represents a thermal signature after
which these silica phases were capable of remaining closed to the decay products of uranium.
The latter explanation is supported by radiometric ages between 10 and 11 million years for
illite/smectite clay minerals from boreholes G-2 and G-1 that formed at temperatures as high as
200 to 275 EC in the deep unsaturated and saturated zones beneath northern Yucca Mountain
(Bish and Aronson 1993, p. 148).

-1 (Egn. 11)

6.10.2 Isotopic Compositions of Calcite and Opal

Oxygen, carbon, and strontium isotopic compositions of subsurface calcite were initialy
determined from fracture coatings in drill core both above and below the water table (Table 1 of
Szabo and Kyser 1990; p. 930 and Figure 2 of Whelan and Stuckless 1990; Table 1 and Figure 3
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of Whelan and Stuckless 1992; Table 1 of Marshall et al. 1992; p. 1583 and Figure 2 of Peterman
et al. 1992; Marshall et al. 1993, p. 1949; Figure 3 of Whelan et a. 1994). Most of the reported
5'%0 values vary systematically with depth from the surface (Figure 57) and are consistent with
temperature-controlled water-calcite isotope fractionation factors responding to modern-day
geothermal gradients of 30 to 40°C per kilometer measured at Y ucca Mountain (Szabo and Kyser
1990, p. 1718) (see assumption 23 in Table 2). Variations of both 3C and #’Sr/®Sr values in
drill hole calcite are limited within the unsaturated zone, overlapping the values observed in soil
carbonate (Whelan et al. 1994, p. 2738; p. 1950 and Figure 5 of Marshall et al. 1993). However,
5"C and ®’Sr/*°Sr values for unsaturated-zone calcites are distinct from values for calcitesin the
saturated zone, precluding an upwelling source of water in the unsaturated zone (Figures 58 and
68).

Calcites from mineral coatings in the ESF have a much wider range of &-C, 5?0 and &*'Sr
values than those characterized from deposits sampled from drill core (Sections 4.1 and 4.2 of
Paces, Neymark et al. 1996; Whelan et al. 1998, p. 13). Values of 3°C vary from about -8.2 to
+8.5 per mil and &0 vary from about 21 to less than 10 per mil (Figure 59). Compared to
previous determinations of stable isotope compositions of drill core calcite, alarger percentage of
ESF calcite analysis have 3C values greater than 0 per mil and 50 values less than 15 per mil.
This difference is likely related to differences between the quality of the mineral coatings
available for subsampling between the drilling and tunneling programs. Both &°C and 3'%0 in
calcite are negatively correlated such that subsamples with large 3°C values tend to have small
5'%0 values (Figure 60). Systematic microsampling across individual mineral coatings indicates
that 5*°C values in calcite shifted from larger values (+2 %o to +9 %o) early in the depositional
history to intermediate values (-3 %o to 0 %o) and finally to smaller values (-8 %o to -5 %o) with
time (Figure 61). Calcite microsamples show similar correlations between age and composition.
Late calcite 30 values from coatings within the Tiva Canyon Tuff typically range from 18 %o to
21 %o whereas coatings from deeper in the Topopah Spring Tuff have 5?0 that varies from 16 %o
to 18 %o. Early calcite has '°0 values less than 16 %o, and even less than 10 %o for some of the
earliest calcite from basal positions within minera coatings.

Opal, quartz and chalcedony also show shifts in both abundance and 3?0 compositions with
time (Figure 62: data from Moscati and Whelan 1996, Table 1; Whelan et al. 1998, Appendix 3).
Massive chalcedony, deposited early in the depositional sequence, has the smallest 50 values
(7.9 %o to 17.3 %0). Quartz adso formed early in the mineralization sequence athough it is
commonly deposited on top of, and slightly later than, chalcedony. Values for 50 in quartz are
substantially larger than in chalcedony (16.8 %o to 22.8 %0). Opa deposited throughout the
intermediate and late stages of the depositional history of mineral coatings overlaps the values for
early quartz but extends the range of 50 to even larger values (18.0 %o to 27.9 %o).

Strontium isotope ratios from ESF calcite overlap the range reported previously from drill core
samples, but extend the range to much smaller values (Figure 4.7 of Paces, Neymark et al. 1996).
Variations in 8’Sr/*°Sr are crudely correlated with microstratigraphic positions within individual
mineral coatings showing a general trend of decreasing ratios with relative age (Figure 63). Late
calcite has ®'Sr/%°Sr values of 0.7115 to 0.7127 directly overlapping previously published values
from pedogenic calcite deposits (Figure 5 of Marshall and Mahan 1994). Early calcite generaly
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has the least radiogenic ®’Sr/*°Sr ratios between 0.7105 and 0.7120 whereas intermediate-aged
calcite has ®’Sr/®°Sr between these two ranges. Strontium concentrations show a less well-
defined variation with time; however, calcite from the early and intermediate groups typically has
concentrations less than about 130 pg/g (Figure 63) whereas late calcite commonly has larger
concentrations. Strontium isotope ratios from subsamples across mineral coatings show distinct
correlations with carbon and oxygen isotopes that are probably related to a gradual evolution of
isotopic compositions in water percolating through fractures (Figure 64). The relatively large
amount of scatter observed in these correlations indicate that separate, time-dependent processes
most likely control the resulting isotopic composition of fracture water.

Aninitial 2*U/?*®U ratio can be calculated from the measured uranium isotopic composition and
the #°Th/U age of a given mineral, assuming the mineral has behaved as a closed isotopic
system. This initial 2*U/*®U represents the isotopic composition of percolating waters at the
time of mineral deposition. Values for initial **U/?*®U activities in outermost opal and calcite
span a wide range from about 1 to over 9. When plotted against their associated “°Th/U age,
initia **U/*U ratios show a scattered but distinct negative correlation (Figure 65) indicating
that older subsamples tend to have smaller initial ratios (section 3.2.3 of Paces, Neymark et al.
1996). This relation generally is true for both multiple subsamples from a single mineral coating
as well as for the entire set of data. Taken at face value, this trend suggests that fracture water
has become progressively enriched in ?**U over the last 500 ka; however, mechanisms causing
this type of long-term trend are difficult to imagine. Other natural reservoirs of uranium, such as
soil (Figure 2D and p. 2400 of Paces et al. 1994; Figures 9, 10, 13, 16, 17, 20, 21, 25, 26, 27, 32,
36, 39, 42, 45, 46, and 53 of Paces et al. 1995) and ground water (Figure 5 of Ludwig et al. 1992;
Figure 20 of Paces, Forester et al. 1996; Figures 4, 11, and 13 of Paces, Whelan et al. 1997) have
24U/78U that appear to remain relatively uniform over similar time periods. The observed
negative correlation between age and initial ?**U/?*®U ratios has been explained using a constant
24U/ in fracture water at a given depositional site but by the presence of both older layers
with small present-day **U/”®U and younger layers with larger present-day 2**U/~®U in
individual subsamples (section 3.4 of Paces, Neymark et a. 1996). The resulting initial
234U/ in opal and calcite subsamples is therefore strongly influenced by the age of the oldest
layer present in the anayzed subsample, and the proportion of older and younger materials mixed
together.

Outermost calcite with ages less than 100 ka are minimally impacted by this analytical artifact.
Initial **U/U activity ratios observed in these younger materials still span alarge range from 4
to 9.5 implying isotopic heterogeneity of fracture water in different unsaturated-zone flow paths.
In addition, available isotopic data indicates that **U/”®U in fracture water has varied
systematically with depth in the unsaturated zone (Figure 66; also Figure 3 of Paces, Neymark et
al. 1998). Calcite and opal within the shallow unsaturated zone (Tpc and PTn) have maximum
initia 2*U/?8U ratios similar to those values observed in soils and surface runoff (about 1.5 to
slightly greater than 2). In contrast, maximum initial 2*U/**®U ratios attained by calcite and opal
from below the PTn increase with depth in the TSw, reaching activity ratios up to 9 at the level
of the potential repository (Figure 66). Therefore, “**U-enrichment with depth is a function of
the percolation process and contains information related to the history and mechanisms of
unsaturated-zone flow. Thisissueisdiscussed in greater detail in section 6.6.7.
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6.10.3 Interpretation of 1sotopic Datafor Fracture Minerals

Assumption 23 in Table 2 applies to discussions throughout this section.
6.10.3.1 Interpretation of Ages

Conventional age models (Ivanovich and Harmon 1992, p. 781) assume that mineral deposition
occurs instantaneously and that the resulting deposit consists of a layer of finite thickness,
constant age, and uniform initial isotopic compositions. However, even the finest scale of
subsampling is unable to resolve this layering, and therefore, subsamples represent mixtures of
both younger and older layers and the resulting measured isotopic ratios will be intermediate
between the values of the end members. A depositiona mode that is more consistent with
observed datais based on the observation of very thin layers at a micrometer scale that are likely
added more or less continuously (Section 3.4 of Paces, Neymark et al. 1996). The model predicts
many of the features observed in the geochronological data sets including subsample thickness
and resulting age, wide-ranging ages from a single outer surface, the discordance between
isotopic systems with different half-lives, the negative correlation between “°Th/U age and
initial 2*U/%U ratios, and ages that are less than those at which secular equilibrium or complete
decay is attained (Figures 3.13 and 3.14, and Table 1 of Paces, Neymark et al. 1996).

6.10.3.2 Growth Rates

Slow long-term rates of deposition (less than about 5 mm of mineral per million years) are
inferred from subsamples of outermost calcite and opal. Measurements of *°Th/U age and
estimates of the thickness for subsample of individual opal hemispheres and microdigestions of
their outermost surfaces yield estimated growth rates of between 0.4 and 6 mm/Ma (Table 28).
Growth rates estimated from both millimeter and micrometer scales are similar. Rates of the
same order of magnitude calculated assuming a continuous deposition model of mineral growth
closely match the observed U and Th isotopic data (Section 3.4 of Paces, Neymark et a. 1996).
In addition, similar rates are obtained for the generalized case assuming that the 0.5- to 3-cm-
thick mineral coatings accumulated over a 12.7 million year period (Section 3.4 of Paces,
Neymark et al. 1996).

Long-term growth rates over the last 8 million years can also be calculated from the U-Pb ages of
interior opal layers within mineral coatings (Table 4E of Paces, Marshall et al. 1997; Neymark et
a. 1998, p. 86). Average long-term growth rates of 1 to 4 mm/Ma are calculated using
thicknesses measured between dated layers in mineral coatings within the Topopah Spring Tuff
(Figure 67). Although this range of rates varies by only a factor of about 3 between different
minera coatings, rates calculated for different layers within individual coatings are even more
uniform, typically within a factor of 40%, regardiess of relative position within the coating. In
contrast, mineral coatings from the Tiva Canyon Tuff have more complex depositional relations
including more rapid growth rates and obvious depositional hiatuses (Neymark et al. 1998, p.
86). Growth rates during the early stages of mineral deposition throughout the unsaturated zone
remain uncertain because of the absence of opal with ages older than about 8 Ma as well as the
smaller number and lower precision of chalcedony dates between 8 and 10 Ma. The similarity of
mineral growth rates based on independent methods of *°Th/U dating for outer layers and
207ph/2Y dating for interior layers, plus the uniformity of rates within and between mineral
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coatings over the last 8 million years, indicate that fracture flow systems in the deep unsaturated
zone have been buffered from Neogene and Quaternary climate variations (see Section 6.10.3.7
on long-term isotopic shifts).

6.10.3.3 Source of Unsatur ated-Zone W ater

Isotopic data from unsaturated zone minerals strongly support a descending meteoric water
source that has interacted with soil at Yucca Mountain, and refute a saturated-zone source.
Textural gradations in the upper 10 to 30 meters of the unsaturated zone provide a genetic link
between the fine-grained, detritus-rich pedogenic deposits, and the detritus-free, coarse calcite
and opal present in the deeper unsaturated zone. Isotopic compositions of oxygen, carbon and
strontium in late unsaturated-zone calcite also completely overlap the isotopic compositions of
calcite observed within Yucca Mountain soils (Figure 5 of Marshall and Mahan 1994; Figure 4 of
Vaniman and Whelan 1994; Figure 4.11 of Paces, Neymark et a. 1996; Whelan et al. 1998, p.
13). Values of 3°C and 3'®0 in late unsaturated-zone calcites are also consistent with the
present-day carbon isotopic compositions of CO, and HCO3™ in unsaturated-zone gas and PTn
pore waters. Carbon dioxide gas in isotopic equilibrium with late calcite has calculated 3°C
compositions between about -5 %o to -18 %o (enrichment factor for low temperature COy)-
calcite, from Clark and Fritz 1997, inside front cover), overlapping the heavy end of C values
measured in unsaturated-zone gas (Figure 35b).

The amount of fractionation between oxygen isotopes is more sensitive to mineral formation
temperature than are carbon isotopes. Temperature gradients calculated from &0 compositions
of calcite and depth relations are similar to measured unsaturated-zone geothermal gradients in
severa boreholes at Yucca Mountain, yielding average values of about 35°C/km (Sass et a.
1980, 1988; Szabo and Kyser 1990, p. 1718). Water in equilibrium with late calcite in the Tiva
Canyon Tuff (calcite 520 values of 18 %o to 21 %o) at temperatures between 18 °C and 21°C
should have 30 values of about -10 %o to -12 %o. Warmer temperatures at the repository
horizon (ESF main drift temperatures of about 27°C) result in similar estimates of water 3'°0
values in equilibrium with calcite 5'°0 values of +16.5 %o to +18 %.. Conditions during pluvial
episodes throughout the Quaternary would yield somewhat cooler subsurface temperatures and
slightly more negative water 5°0 estimates (-11 %o to -14 %o). Modern precipitation (individual
rain events dropping more than 0.25 cm and snowfalls at Yucca Mountain) has %0 values
ranging between about -9 %0 and -18 %o (Figures 14 and 16 of Benson and Klieforth 1989) with
mean 520 values of -8 %o to -10%0. Mean 50 values for precipitation during the cooler pluvial
conditions of the Pleistocene were likely to be somewhat more negative. Unsaturated-zone pore
waters distilled from the welded tuffs or squeezed from the non-welded tuffs have 3'%0 values
that generally range from -14 %o to -12%. (Figure 37b), also suggesting a pluvial origin.

In contrast, carbon and oxygen isotope values in unsaturated-zone calcite are difficult to
reconcile with a saturated-zone source of water. Ground water from the shallow part of the
saturated zone beneath Y ucca Mountain has dissolved inorganic carbon 3C values of about - 11
%o t0 - 7 %o, and 520 values of - 13 %o to - 14 %o (Table 6 of Claassen 1985; Table 1a of Benson
and Klieforth 1989; Table 1 of White and Chuma 1987). Although waters with these
compositions would yield calcite with **C similar to those observed in unsaturated-zone calcite,
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the 520 values of -13 %o to -14 %o and present-day ground water temperatures of 30° C would
result in calcite with 30 values of +13 %o to +14 %o.

Shallow ground water from the saturated zone beneath Yucca Mountain has ®'Sr/*°Sr ratios
between 0.7093 and 0.7116 (Figure 2 of Peterman and Stuckless 1993; Peterman and Patterson
1998, p. 277 to 278). These values are |ess radiogenic than either late unsaturated-zone calcite or
pedogenic calcite. In addition, saturated-zone ground water beneath Yucca Mountain is
undersaturated with respect to calcite and would tend to dissolve rather than precipitate material
in unsaturated-zone fractures (Section 6.2 of Paces, Neymark et al. 1996). Calcite-saturated
ground water from the deeper Paleozoic-carbonate aguifer has the same problems with 50 and
875r/%sr, but also has a carbon isotopic composition that would result in 3°C values that are
much larger than those observed in the late unsaturated-zone calcite. Field, morphologic,
chemical and isotopic arguments have been used previoudly to refute a saturated-zone water
source for pedogenic calcite deposits (Muhs et a. 1990, p. 928 and Figure 3; Stuckless et a.
1991, p. 553; Stuckless 1991, p. 1429; National Research Council 1992, p. 5; Whelan and
Stuckless 1992, p. 1580; Vaniman et a. 1994, p. 15; Vaniman and Whelan 1994, p. 2736; Taylor
and Huckins 1995, Table 5 and pp. 19 to 24; Stuckless et al. 1998, p. 76). Strontium and calcium
concentrations within the zeolitized Calico Hills formation above the modern water table vary
vertically and also support a descending water source (Vaniman et al. 1999, p. S5). In addition, a
defensible physical mechanism responsible for saturated-zone ground water upwelling more than
a few meters above the static water table has not been identified (National Research Council
1992, pp. 136 to 139 and p. 212; Rojstaczer 1999, p. $4).

Although fracture water percolating through the unsaturated zone has not been sampled at Y ucca
Mountain, its mgjor element composition is probably intermediate between runoff and perched
water intercepted in boreholes at depth. Precipitation rapidly interacts with calcite- and opal-rich
materials in surface deposits, typically reaching chemica saturation with respect to calcite and
opal after only brief overland flow (Figure 6.2 of Paces, Neymark et a. 1996). Fracture water is
likely to have compositions that are similar to or even more chemicaly evolved than runoff
samples considering the interactions that take place during infiltration through calcite- and opal-
rich soils and possible silicate/water interaction that occurs within the nonwelded tuffs of the
PTn. Chemistries of perched-water bodies, presumably recharged largely by fracture flow,
support this expectation. Therefore, descending fracture water is likely to be at or very near
levels of saturation with respect to both calcite and opal. Chemical and textura argumentsimply
that once fracture water reaches mineral saturation, it isnot likely to later become undersaturated
during further descent through the unsaturated zone.

6.10.3.4 Mechanisms of Mineral Deposition

The process of unsaturated-zone mineral deposition isinitiated during infiltration where meteoric
water interacts with materias in the soil, after which a portion may then enter the bedrock
fracture network. Fracture water is distributed into connected pathways in response to gravity-
controlled downward percolation as thin films that do not require complete water saturation of
the fractures within the welded tuff (Tokunaga and Wan 1997, p. 1287). Physical and textura
evidence indicates that these coatings of calcite and opal must have formed in hydrologically
unsaturated environments with the additional requirement of the presence of open space
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(Sections 2.1 and 2.5 of Paces, Neymark et al. 1996). Textures indicate that mineral growth
commonly occurs at the tips of calcite blades and that a mechanism is required to transport
dissolved ions to these sites where solutions reach supersaturation. Differences in textures
between near-horizontal substrates and high-angle fractures indicate that slowing of downward-
migrating water may play an important role.

These observations plus the presence of mineral coatings in open cavities imply a depositional
mechanism involving liquid/gas exchange including loss of both CO, and water vapor. Other
mechanisms of mineral precipitation do not provide adequate explanations of the observed
textural and mineralogical features. Although an increase in temperature in response to the
geothermal gradient may explain some of the calcite deposition, it does not account for the
distribution of calcite with depth in either the ESF or WT-24 drill cuttings (Figures 52 and 53).
It also does not provide an explanation for opal precipitation, which should be more soluble at
greater temperatures. Silicate hydrolysis may provide an alternative mechanism for opal
deposition; however, the devitrified welded tuffs consist of quartz and potassium feldspar which
are not particularly reactive at low temperatures, and the calcite/opal coatings lack evidence of
aluminosilicate phases required to balance the hydrolysis reactions. Both thermal and hydrolysis
mechanisms would permit minera precipitation in narrow aperture fractures and small pores
which generaly are not observed. Also, neither of these mechanisms readily explains the
mineral textures observed in many of the open cavities (delicate calcite blades, opal
concentrations at blade tips, fine-scale intergrowths of calcite and opal, and textural differences
between steep and shallow fracture cavities).

A more likely depositional mechanism for calcite precipitation involves transport of both CO,
and water vapor in an independently migrating gas phase (see assumption 22 in Table 2). Such a
mechanism also accounts for simultaneous deposition of calcite and opal from a single solution.
Rates of mass transfer of both water vapor and CO,, from deeper parts of the unsaturated zone are
likely to be small; however, operation over long time periods may explain the very slow growth
rates observed in the calcite-opal coatings at the level of the potential repository. A depositional
mechanism involving interactions between liquid and gas phases aso offers possible
explanations for the observed textural features. Because physical evidence indicates that the
coatings formed in locally unsaturated environments, thin films of water seeping into fracture and
lithophysal cavities are the likely source of solutions. Water films may only be present on some
fraction of the total surface area at any given time. An uneven distribution of wetted surfaces
likely contributes to the age heterogeneities observed for different subsamples of the same outer
surfaces of a mineral coating. Thin water films must also be capable of wicking up the outside
surfaces of elongated calcite blades by capillary processes similar to those that form anthoditic
speleothems.  Water that moves out of cavities and back into the fracture network can form
additional calcite and opal at sites deeper in the unsaturated zone by further losses of CO, and
water vapor as the fracture water descends toward the water table.

6.10.3.5 Conceptualization of Seepageinto Cavitiesfrom Secondary Calcite

Seepage of water into emplacement drifts is a major factor contributing to a calculated release of
radionuclides, but estimates of seepage flux based on hydrologic parameters have large
uncertainties. Densely welded Topopah Spring Tuff in the thick unsaturated zone at Yucca
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Mountain is the host rock for a potential high-level radioactive waste repository. Observations in
the ESF show that the welded tuffs contain both large-aperture fractures and lithophysal cavities
containing secondary calcite and opa deposited from downward-percolating water that has
seeped into these openings in the past (DTN: GS991299995215.001, data set
MOL.20000104.0013). Uranium-lead dating indicates that these minerals formed throughout
most of the timespan since the tuffs were emplaced 12.7 million years ago.

The percentage of lithophysae containing secondary minerals within the upper lithophysal zone
of the Topopah Spring Tuff is variable, ranging from 1 to 40 percent per 30 m of tunnel length
(DTN: GS991299995215.001, data set MOL.20000104.0013). Because essentialy al the
cavities are intersected by fractures, the lack of secondary mineral coatings in some cavities is
interpreted to indicate a lack of flow in some of the fractures. Calcite typically composes 90
percent of the low-temperature mineral assemblage. Calcite is abundant in the calcic soils at
Yucca Mountain, leading to rapid saturation of infiltrating water with respect to calcite. The
volcanic rocks are calcium (Ca)-poor so infiltrating water is essentially the only source of Ca
available to form the calcite in the unsaturated zone. Therefore, the calcite that has formed in a
cavity can be related directly to an amount of water required to transport that amount of Ca into
the cavity (Marshall et al. 1999, p. S5; Marshall, Paces et a. 1998, pp. 127 to 129). The
calculated amount of water would be a minimum estimate of the amount of water that actually
seeped into the cavity unless the water evaporated completely within the cavity. However,
calculation of the total seepage flux for the whole unsaturated zone based on measurements of
total calcite abundance in the ESF indicates a flux of about 2 millimeters per year, which is
within an order of magnitude of the estimated long-term infiltration flux at the surface.

Calculated rates of water flow into cavities over the past 10 million years, using 0.3 to 2-cm
coating thicknesses in hypothetically spherical cavities ranging from 12 to 40 cm in diameter,
would range from about 0.007 milliliters per year to about 20 milliliters per year. Scaling of
detailed line survey data to the 5-meter diameter of the potential emplacement drifts, the
estimated seepage rate per 5-m length of drift is 0.1 to 1000 milliliters per year.

Observations of calcite and opal in cavities in the unsaturated zone at Y ucca Mountain indicate
that: 1) seeps are not regularly spaced in underground workings and there has been no change in
seepage locations over time, 2) not al fractures sustain flow, 3) there is no evidence (such as
dripstone) for seepage dripping into cavities from their ceilings, and 4) an actively flowing
fracture intersecting a 5-m diameter tunnel is not likely to produce more than about 1 liter of
water per year based on calcite abundances observed in the ESF. This estimate of seepage is
significantly lower than that used for performance assessment.

6.10.3.6 Thermal Evolution of the Unsaturated Zone

Patterns of 3'®0 variations in both silica phases and calcite preserve a record of decreasing
temperatures as deposition progressed with time in the unsaturated zone. Early chalcedony and
quartz have &0 values that imply elevated unsaturated-zone temperatures (as high as about
80°C) with respect to the modern geothermal gradient. Heat sources included the cooling tuffs
themselves during the first few thousands to hundreds of thousands of years, as well as the
steeper geothermal gradients associated with regional magmatism during the first several million
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years after tuff emplacement. Small 5'°0 valuesin early calcite also support the notion of higher
temperatures as indicated by early silica phases. Larger 20 values in quartz and subsequent
opa and calcite indicate that geothermal gradients reached near-modern values by the time that
the bulk of the mineral coatings were deposited.

6.10.3.7 Long-Term Isotopic Shifts

Isotopic compositions of fluids continued to evolve after Y ucca Mountain reached modern-like
thermal gradients by the end of the episode of early chalcedony/quartz deposition between 8 and
10 million years ago. Carbon isotopic compositions are relatively enriched in **C in intermediate
calcite with 8"3C values of about +3 %o to - 5 %o compared to late calcite with 8>C values of
about - 5 %o to - 9 %o (Figure 4.6 of Paces, Neymark et a. 1996; Figures 1 and 2 of Whelan and
Moscati 1998). This shift in composition is presumably caused by changes in the composition of
the corresponding plant communities at the surface, which are in turn a function of changes in
climate, as discussed in Boutton (1996, pp. 50 to 57). Carbon isotopic data indicate that the
earlier plant community was dominated by C, plants (using the Hatch-Slack photosynthetic
pathway), which produced soil CO, gas enriched in *C. Water infiltrating through this soil
deposited subsurface calcite with characteristic °C compositions of - 3 %o to 0 %o. Carbon
isotopic compositions in the late calcite indicate that the plant community had evolved to one
with a larger C3; (using the Calvin photosynthetic pathway, Boutton 1996, pp. 50 to 57)
component in more recent times. Dating by the U-Pb method indicates that this major shift in
5"C values occurred between about 2 and 4 million years ago (p. 14 and Figure 3 of Whelan and
Moscati 1998). During this same time, climate conditions were undergoing a major change from
milder, wetter conditions characteristic of the Tertiary to the more severe, semi-arid conditions of
the Quaternary. Despite this mgjor shift from wetter to drier conditions, mineral growth rates in
the deep unsaturated zone remained unchanged, suggesting that the deep fracture flow may be
buffered from substantial variationsin infiltration.

Strontium isotopic compositions of fracture water have also changed over the last 8 million
years. Early calcite has ®'Sr/*°Sr ratios of about 0.7105 to 0.7120 whereas late calcite has more
radiogenic values of 0.7118 to 0.7127. Two different factors may have affected this temporal
shift in 8Sr/®Sr ratios. Large Rb/Sr ratios in the felsic tuffs cause the ®’Sr/%°Sr ratio of the wall
rocks to evolve to larger values over time through decay of ®’Rb to ®’Sr. Strontium in fracture
fluids that is derived from water/rock reaction in the more reactive portions of the flow paths
(nonwelded tuffs of the PTn) will therefore have larger ®’Sr/*®Sr values in more recent calcite
relative to early calcite. In addition, development of calcite-rich soils at Yucca Mountain in
response to increased aridity during the Quaternary provides alarge reservoir of readily leachable
Sr during infiltration. The similarity of ®’Sr/®*Sr compositions in late ESF calcite to values in
pedogenic deposits (Figure 64) is probably not a coincidence.

6.10.3.8 Mineral Growth Rates and Quaternary Climate Variations

Geochronological and isotopic data show no strong evidence of the effects of pluvial-interpluvial
climate variations during the last several glacial cycles (Section 7 of Paces, Neymark et al. 1996).
Although evidence throughout the Great Basin suggests cooler conditions and greater amounts of
precipitation were common during pluvial episodes (Haynes 1967, pp. 77 to 82; Mifflin and
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Wheat 1979, pp. 37 to 50; Spaulding 1985, pp. 27 to 45; Quade et al. 1995, pp. 213 to 228;
Bradbury 1997, pp. 99 and 109 to 111), “°Th/U ages of calcite and opal show neither an increase
nor decrease in frequency during these intervals (see assumption 25 in Table 2) (Figure 54).
Records of late calcite and opal show no obvious evidence of dissolution during periods of
greater meteoric precipitation. Carbon and oxygen isotopes aso show arange of two to three per
mil in late calcite; similar to the entire range of variation seen in pluvia and interpluvial records
from saturated-zone calcite at nearby Devils Hole (Figure 2 of Winograd et al. 1992; Figure 2 of
Coplen et al. 1994). If deposition of unsaturated-zone calcite was affected by Quaternary climate
variation, a more restricted range of 3"°C and &'®0 values at either the larger or smaller end of
the range observed in late calcite might be expected. These observations are consistent with the
concept that the average rate of deposition of unsaturated-zone opal and calcite at the potential
repository horizon may be relatively constant over long periods of time

6.10.3.9 Implications of Mineral Data for Long-Term Unsaturated-Zone Hydrologic
Behavior

Observations of slow, uniform, average growth rates over long periods of time imply that the
unsaturated zone fracture network has maintained a large degree of hydrologic stability over
time. Evidence from minera coatings implies that fracture flow in the deep unsaturated zone is
buffered from climate-induced variations in precipitation and infiltration. Buffering may be
accomplished by a number of different processes that operate at different stratigraphic levels
within the unsaturated zone as well as on a spectrum of magnitude scales. Because these
processes are complex, the concept that net infiltration equates directly to recharge to the water
tableis probably an oversimplification at Y ucca Mountain.

Numerous processes occurring in the near-surface environment are likely to damp net infiltration
in response to climate-induced variations in meteoric precipitation. Long-term variations in
mean annual precipitation result in changes to the plant community. Consequently, the plant
biomass and its associated evapotranspiration may be able to utilize much of the mean annual
effective moisture available during any given climate state. A proportion of shalow infiltration
that is not capable of being utilized by plants is diverted down-slope along the tuff/colluvium
interface. The presence of massive calcrete deposits in thicker colluvial or aluvial surface
deposits on the down-thrown side of normal faults provides evidence of a greater accumulation
of soil water at these sites. The large permeability contrast between colluvium and welded TCw
over most of the site is likely sufficient to provide an effective mechanism for downslope lateral
diversion. In addition, many of the near-surface fractures in the welded TCw are largely filled
with pedogenic calcite and opal, and although their permeability may still be greater than the
welded tuff, direct ingress into the fracture network is likely to be further restricted. Surface
runoff from the slopes into alluvial-filled drainages further diverts infiltration during extreme
precipitation events.

Once net infiltration enters the subsurface fracture network, hydrogeol ogic processes may further
dissipate, divert, or reduce downward fluxes. Calcite abundances show a systematic decrease
with depth through the TCw in cuttings from borehole WT-24 (Figure 53), requiring a hydrologic
process that results in a progressively smaller mass of C&* at greater depths from the surface (see
assumption 22 in Table 2). One way to achieve this result is through non-steady-state net
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infiltration that frequently provides fluxes to the shalowest bedrock fractures and only
infrequently provides fluxes to deeper levels of the TCw. This process implies that not all net
infiltration events ultimately result in local recharge to the saturated zone. The data could also be
explained under a steady-state flux environment if the degree of gas loss decreased progressively
within the TCw such that greater amounts of CO, and water vapor are removed from the
shallowest levels within the bedrock. In the latter scenario, rates of mineral deposition are aso
likely to decrease with depth and may help explain the gradua transition of textures from
microcrystalline calcite and turbid opal in near-surface veins to the coarse, sparry calcite and
transparent, glassy opal observed at depths below about 10 to 20 meters. Both of these scenarios
imply that the amount of percolation through the TCw fracture network contributing percolation
to the PTn isless than the amount of net infiltration at the base of the root zone.

Most water flowing through fracturesin the welded TCw is intercepted by nonwelded tuffs of the
PTn where flow occurs dominantly through the high permeability matrix. The PTn decreasesin
thickness from north to south at Yucca Mountain (p. 8 and Figure 4 of Moyer et a. 1996) and has
a large capacity to store water recharging through the TCw . Therefore, short-term variations in
percolation flux are likely to be buffered by fluctuations in the degree of saturation within this
unit. In addition, a portion of the matrix flow may be diverted down dip towards the east to
structurally disturbed zones where greater amounts of vertical flow may be focused.

6.10.3.10 Comparisons of Fracture Mineralswith *CI/Cl Data

The concept of low and more-or-less uniform growth of fracture minerals over long periods of
time implies that the fracture flow system in the deep unsaturated zone tends to be sluggish in
response to short-term variations in meteoric precipitation and infiltration. This conclusion
appears to conflict with those based on elevated *°CI/Cl signals in the ESF that are interpreted as
evidence of rapid (50 years or less) liquid flow through fractures to the level of the potential
repository (Section 6.6.3). Possible explanations for this apparent discrepancy have been
proposed in Fabryka-Martin, Flint et a. (1997, Section 6.2.4) including:

» The possibility that the two different methods have sampled two different flow networks.

» The possibility that fast paths transmit water that is unsaturated with respect to calcite or
silicaand leave no mineralogical records of this hydrologic activity.

» The possibility that youngest mineral ages record cessation of flow due to blocking or
diversion of individual flow channels along the fracture surface as a result of mineral
deposition.

» Slow, long-term mineral growth rates may not form deposits on time scales relevant to
decade- to century-scade flow that are sufficiently thick for petrographic or
geochronological resolution.

Although these reasons may represent possible explanations, the two interpretations may not be
mutually exclusive. Both conceptual models imply that relatively small volumes of fracture fluid
are responsible for the observed phenomena. The absence of elevated *Cl/Cl signatures in
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perched water or saturated-zone ground water beneath Y ucca Mountain constrains the fast-path
contribution to a very limited component of the total fracture flux. In addition, dating of calcite
and opal places constraints on the time at which the solid phase became closed to mobilization of
parent and daughter isotope. However, there is no inherent information on the unsaturated-zone
travel times preserved in these analyses. Waters from which the minerals were deposited could
have been 50 or 50,000 years old at the time of mineral formation, yet geochronological
information would be the same in both cases. Large volumes of water or extremely rapid
percolation are expected to yield consistently small 2*U/?*®U ratios at the sampling site at depth.
However, the uranium isotopic response to percolation of very small volumes of rapid flow
might not be noticed if it is spatially restricted, and if the small amounts of U inherited from
the surface source are still able to be assimilate sufficient **U from flow-path surfaces.

In order to provide additional confirmation, work is currently underway to more thoroughly
evaluate the distribution of **CI/Cl across two structural zones within the ESF that exhibited
bomb-pulse signatures in previous reports (Drill Hole Wash Fault and Sundance Fault) using a
suite of bomb-pulse indicators including *Cl/CI, *H, *Tc and *I. In addition, samples of
fracture surfaces are being analyzed for uranium isotopic disequilibrium for evidence of recent
hydrologic activity.

6.11 THERMAL HISTORY OF THE UNSATURATED ZONE
The following sources of primary input data are used to support the conclusionsin section 6.11.:

» uranium, thorium and lead isotopic data for minerals (section 4.1.17),

abundances of secondary minerals in the subsurface (section 4.1.18),

carbon and oxygen isotopic data for minerals (section 4.1.19), and

other input data for minerals (section 4.1.20).
6.11.1 Isotopic and Fluid Inclusion Evidence of Unsaturated-Zone Temperature

At present, models of future flow through the potential repository assume that this zone will
remain, as it is today, well above the water table. This assumption is based in large part on
evidence collected from deposits of calcite and opal found in cavities and open fractures of the
unsaturated zone (Whelan et al. 1994, p. 2744; Whelan et al. 1999, p. S-8; Paces, Neymark et al.
1996, Section 2.1; Paces et al. 1999, p. S-4). Taken in its entirety, this evidence argues strongly
that the water table has always remained well below the level of the potentia repository and that
the modern extent of the unsaturated zone is representative of past conditions, at least since uplift
and tilting of the volcanic sequence. This interpretation, however, has been disputed. Hill et al.
(1995, p. 86), Dublyansky et a. (1996, pp. 38 to 39), Dublyansky (1999, p. S-4), and Dublyansky
and Reutsky (1998, p. A-79) have suggested that most, perhaps all, of this calcite and opa was
deposited by repeated, and possibly recent, flooding of the potential repository by heated fluids
upwelling from below.
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The upwelling hypothesis is based, in part, on a limited amount of data from calcite-hosted fluid
inclusions. Minimum formation temperatures estimated from calcite-hosted fluid inclusions
cluster between 35 and 55°C but locally range up to 70 to 85°C (Dublyansky et a. 1996, pp. 38
to 39; Dublyansky 1999, p. S-4; Dublyansky and Reutsky 1998, p. A-79). The position of these
inclusions within the respective calcite samples, that is, whether they represent old or recent
depositional conditions, is generally not described although the warmest temperatures (70 to
80°C) are ascribed to the oldest portion of that sample. Calcite 3'®0 values, coupled with
paragenetic and age relations, provide independent evidence of past temperatures in the
unsaturated zone. This evidence indicates that the tuffs experienced an episode of elevated
temperature (perhaps up to about 100°C) during the earliest stage of calcite formation.

6.11.2 Paragenetic Relations and Sampling Protocols

Previous studies (e.g., Whelan et a. 1994, p. 2738) have shown that the unsaturated-zone calcite
5"C and 80 coincide with those of pedogenic carbonate in the overlying soils (Figure 68).
Inasmuch as the 8"*C of soil carbonate is a function of the types of plants present, and thus of the
climate, the 3"*C of the unsaturated zone calcite is a record of climate at the time of infiltration.
The steady decrease of calcite 5*°0 with depth is areflection of the depositional temperature.

The fractionation of oxygen isotopes between calcite and water is temperature sensitive. Figure
69 plots this fractionation against temperature and shows, for low temperatures, a change of
about 0.18%0/°C (O’ Neil et al. 1969, p. 5552; Kim and O’ Neil 1997, p. 3467). If any two of the
variables—3'®0 of calcite, 3'°0 of water, or temperature—are known, then the third can be
estimated. This relation permits some useful inferences to be made from the calcite 0 values.
It also explains the gradual decrease of calcite 5'°0 with depth as a reflection of warming of the
calcite-depositing water down the local geothermal gradient.

Roughly 300 samples of calcite and opal deposits have been collected from ESF exposures by the
Environmental Science Team of the USGS; input data resulting from these samples are listed in
Sections 4.1.17 and 4.1.19. Mineralization sequences (parageneses) exhibited by these samples
define the following generalized paragenesis for post-cooling mineral deposition. Calcite is
found throughout the paragenesis. Earliest calcite is typically found underlying or associated with
chalcedony and (or) drusy quartz; the end of the early stage is tentatively placed at the end of
chalcedony/quartz deposition. Both intermediate- and late-stage deposition consist mainly of
calcite and opal. Whereas intermediate-stage calcite may be riddled with tiny liquid and solid
inclusions and is, hence, often murky, late-stage calcite contains fewer inclusions and often forms
clear, sparry overgrowths. Such textural distinctions, however, are often lacking and
distinguishing between intermediate and late stages on their basis is frequently impractical. As
discussed in section 6.11.3, the intermediate- to late-stage boundary is best defined by a shift in
5"C values.

Most ESF samples were sampled to determine the range of calcite stable-isotope compositions.
Moreover, those occurrences that display a ssimple paragenesis were also the object of detailed
microsampling to determine the time/space 3°C and &0 systematics of the calcite.
Microsamples were milled from the polished surface of samples at magnifications of 30-40x. For
each sample, the oldest calcite (closest to the tuff host rock) was designated “early” and the
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youngest calcite (usually free-growing crystal faces) was designated “late.” Intermediate-stage
boundaries were based on changes in mineralogy or texture. This approach led to some
misclassification of calcite stage (e.g., those samples missing a stage) but ensured objectivity.

6.11.3 ESF Calcite 8°C and 80 Values

Calcite 3"°C values decrease markedly during the paragenetic sequence, from nearly +10%o in the
early stage to less than -9%. in the late stage. Frequency diagrams of early, intermediate, and late
calcite °C values display this time dependence (Figure 61) and show that calcite 3°C values
provide a coarse indication of relative age. Figure 70, aplot of calcite 3°C vs. age, shows a sharp
decrease of 5**C between 3 and 4 Mathat defines the boundary between the late and intermediate
stages. This shift probably reflects a change in the *3C of plant organic matter in the overlying
soils caused by a change in regiona climate. The higher 5°C vaues of the intermediate-stage
calcite suggest a greater dominance by C4 plants such as grasses, perhaps indicating a prairie or
savanna climate, in contrast to the high desert to pygmy conifer climate zones of the late stage
(e.0. Quade et a. 1989, p. 467).

Calcite 5?0 values also change with time. A plot of 3*C vs. 'O for the microsamples (Figure
71) shows late-stage 3°0O was fairly constant between 16 and about 20%., but gradually
decreasing values during the intermediate and early stages. A small subset of the early-stage
calcite displays anomalously low 50 values.

6.11.3.1 Late-Stage Calcite 3'°0 Variations

Three important observations can be made from the distribution of late stage calcite 3'%0 values.
First, when plotted versus age based on ?’Pb/?°U or Z°Th/*®U (Figure 72), late-stage deposits
(roughly the last 4 million years) from the Tiva Canyon Tuff and the Topopah Spring Tuff both
display ranges of 1.5t0 2.0%0. These ranges are comparable to that of the 500 thousand year (ky)
record from Devils Hole in southwestern Nevada (Winograd et al. 1992, p. 256). At Devils Hole,
where calcite deposits provide a detailed record of groundwater 20 and regional climate during
the last 500 ky, a similar range of values is observed. This similarity indicates that the scatter
shown by late-stage calcite %0 values is probably aso a reflection of regiona climate
variability. Second, plotting late-stage calcite 5'°0 versus depth below surface shows two
distinct trends (Figure 73). In the Tiva Canyon Tuff, calcite 520 decreases steeply, at a rate of
about 2.5%0/100m. Assuming that calcite 30 changes by about 0.18%./°C, this decrease is
equivalent to an unreasonably high geothermal gradient of nearly 140°C/km. However, because
the Tiva Canyon Tuff is highly fractured and open to the atmosphere, it seems likely that
evaporation, not a high geothermal gradient, increased the 30 of the water and, hence, of the
calcite. Evaporation enriches the remaining water in 20, and the 3'®0 values increase towards
the surface where evaporative loss would be greatest. Topopah Spring Tuff calcite deposits, on
the other hand, are beneath the PTn which would at least limit evaporation rates. Although there
is some scatter to the data, late-stage calcite 30 values in the Topopah Spring Tuff have a best-
fit slope of about 36°C/km with an r? of 0.48, in relatively good agreement with geothermal
gradients measured in the unsaturated zone which range between 15 and 60°C/km (Sass et a.
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1988, p. 38). If some percolation water 3'®0 values were less than -11 %o, the calculated
geothermal gradients would be lower.

6.11.3.2 Intermediate Through Early-Stage 520 Decr ease

Although intermediate and early-stage calcite 5'®0 values scatter somewhat more than the late
stage, they tend to cluster within a similar overall range of about 3%.. This similarity suggests
that the scatter of 20 in the older stagesis also areflection of climate variability. Nonetheless, a
gradual decrease of calcite '°0 with age is apparent in Figure 72. Plotting only data from the
middle non-lithophysal unit of the Topopah Spring Tuff (Tptpmn) (Figure 74) clarifies the
relation by restricting the depth interval (i.e., limiting the temperature variable). The calcite of the
older stages must reflect either water with lower 3?0 values, warmer temperatures, or both.
Lowering the water 5'°0 to produce the decrease requires a more or less monotonic shift in
climate between 3 and 10+ my. A reasonable average 5O for waters in the unsaturated zone
and at Devils Hole is —11+1%o. Ascribing the 4%o. lowering of past 50 entirely to a climate
change indicates meteoric waters with %0 of -15+1%. at 10 Ma. Meteoric waters with this
range of 5°0 today are characteristic of southern Canada. Even though Quaternary climates in
the region may have hit such extremes during glacial maxima, no published regional climate
records indicate such along-term shift to such colder conditions.

The long history of volcanism in the region suggests that past geothermal gradients may have
been higher than today and that higher geothermal gradients may have caused the lower 3'%0
values of the intermediate and early-stage calcite. Intermediate and early stage percolation-water
580 values are presently unconstrained. However, assuming that they have remained within the
same range as for the late stage, and that calcite 5'°0 values decrease about 0.18%0/°C, the 4%o
lower values found in the early stage equate to a temperature increase to about 46°C at the level
of the Tptpmn. If we assume a depth of ~300 meters to the Tptpmn and a surface mean annual
temperature of 15°C, this indicates geothermal gradients of around 100°C/km during the early
stage and perhaps around 60°C/km at the beginning of the intermediate stage.

6.11.3.3 Possible Early Stage Thermal Event

Oxygen isotopic evidence from drill core samples indicating warmer temperatures of deposition
during formation of the earliest calcite was reported in a milestone report to DOE in 1996
(Whelan et al. 1998, p. 21). Although the number of occurrences in the ESF displaying low 3'%0
values of early-stage calcite is small, detailed study has revealed some stratigraphic and
paragenetic controls on their distribution. Figure 75 plots data from the different stages against
distance in the ESF from the North Portal. Early-stage cacite with low &0 values occurs
exclusively in the North and South Ramp portions of the tunnel. Stratigraphically, it is restricted
to the Tiva Canyon Tuff and upper part of the Topopah Spring Tuff. Although the early-stage
calcite 5?0 values are lower in the lower part of the Topopah Spring Tuff (Tptpmn), none are
lower than about 12%.. Furthermore, these low 320 calcite occurrences are typically associated
with, but older than, the early-stage silica stage of chalcedony and (or) quartz in those samples.
They do not compose the entire early stage but typically represent only a thin layer near the base
of the early calcite stage.
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Nothing is known about the &'®0 of the early-stage water. Nonetheless, we have argued that |ate
stage *'20 was relatively constant around -11%o and that, in concert with a change in geothermal
gradient in the past, meteoric waters may have remained in that range for the last 10 my or more.
Recognizing beforehand that it is a long-range extrapolation, assuming a value of -11%o. for the
water does, however, provide an initia constraint on the maximum temperature during the early
stage.

Early-stage calcite 20 values range down to 3.2%o. This calcite would form from -11%. water at
a temperature of about 114°C (O’'Nell et al. 1969, p. 5552). The fact that this estimate is above
the boiling temperature, and there is no evidence from fluid inclusion observations for boiling
during calcite deposition (as discussed in section 6.11.4), indicates that the 5'°0 of the depositing
water was at least 1 to 2%o less than —11%o. So, assuming a water 3'°0 of —12.5%. yields an
estimated temperature of about 102°C for formation of the calcite with the lowest 3'%0 value
(3.2%0) and a temperature of 55°C for calcite with a 5?0 of 10%.. Temperatures of 55 to 100°C
are significantly warmer than those estimated for norma early-stage calcite and represent a
thermal anomaly. The stratigraphic distribution of calcite with low 5?0 values may provide a
clue to the heat source for thisthermal pulse.

So far, calcite with low values of "0 has been found only sporadically, only in the Tiva Canyon
Tuff or the top of the Topopah Spring Tuff, only in volumetrically minor amounts, and only in
the earliest part of the early stage. These conditions are all consistent the hypothesis that
deposition of the Tiva Canyon Tuff caused conductive heating of the underlying tuffs. These
conditions do not appear to be consistent with a heat source at depth or with upwelling of heated
fluids. However, fluid inclusion evidence of warmer depositional temperatures, which appears to
be at least in partial accord with the distribution of calcite with low values of &0, has been
interpreted as proof of the upwelling of heated groundwater (Dublyansky et a. 1996, pp. 38 to
39; Dublyansky 1999, p. S-4; Dublyansky and Reutsky 1998, p. A-79).

6.11.4 Fluid Inclusion Studies of Unsatur ated-Zone Calcite

Fluid inclusions are tiny (generally <100 micrometers) cavities in minerals that trap samples of
the liquids and (or) gases (i.e., fluids) present at the time the cavity was sealed by subsequent
mineral growth. They may form in many ways (Roedder 1984, pp. 12 to 25; Goldstein and
Reynolds 1994, pp. 5 to 9), but most commonly by ongoing mineral precipitation sealing
imperfections in the surface of mineral grains (primary fluid inclusions) or by trapping of fluids
present during healing of microfractures in mineral grains (secondary fluid inclusions). The
contents of fluid inclusions are as variable as the multitude of geologic settings in which minerals
may form. Several common inclusion types are germane to the origin of unsaturated zone calcite.

Inclusions formed in a vadose setting (i.e., the unsaturated zone) may trap the gas phase
(typically dominated by atmospheric gases), the liquid (dominantly water), or mixtures of the two
in varying proportions. Inclusions formed in saturated settings will trap the liquid phase present
(e.g., groundwater, hydrothermal fluid, or brine). If this trapping occurs at near-ambient
temperatures, a single-phase, all-liquid inclusion will result. However, if trapping occurs at
elevated temperatures, the fluid density will increase during cooling and the fluid will shrink. If it
shrinks enough, a vapor bubble will nucleate in the inclusion to offset the decrease in fluid
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volume. These are termed two-phase inclusions and are particularly useful because they permit
estimates of the temperature of mineral formation. However, any fluid inclusion must meet many
petrographic criteria (too numerous to discuss here but listed in Chapter 2 of Roedder 1984, pp.
43 to 45) before it can be considered a reliable source of temperature data.

Estimates of mineral formation temperatures from two-phase fluid inclusions are made by
gradually heating the two-phase inclusion and observing the temperature at which vapor and
liquid re-homogenize to a single phase. If the inclusion was trapped at atmospheric pressure, this
temperature of homogenization (Ty) is essentially the temperature of trapping; to the extent that
the incluson was formed at >1 atmosphere (i.e.,, a depth), Ty is an underestimate of the
formation temperature and must be corrected for the hydrostatic or lithostatic pressure on the
fluid. Calcite formed in an unsaturated zone setting would require no pressure correction and that
formed in a shallow saturated zone, <200 m below the water table, a trivial correction of only
severa degrees.

6.11.4.1 Fluid Inclusion Evidence for the Origin of Unsaturated Zone Calcite

Several researchers have examined the fluid inclusions present in the calcite from the unsaturated
zone of YuccaMountain (Bish and Aronson 1993, pp. 152 to 154; Roedder et al. 1993, p. A-184;
1994, pp. 1854 to 1860; Roedder and Whelan 1998, p. 56; Dublyansky et al. 1996, pp. 38 to 39;
Dublyansky 1999, p. S-4; Dublyansky and Reutsky 1998, p. A-79) and, in genera, al have
reported three types of inclusions: liquid-filled or vapor-filled single phase, and two phase,
consisting of varying proportions of liquid plus vapor. They have not, however, agreed on the
genetic implications of those observations.

Liquid-Filled and Small Vapor-Liquid Ratio Two-Phase |nclusions—Unsaturated-zone
calcite from Yucca Mountain contains numerous fluid inclusions. The mgority of these are
liquid filled and indicative of relatively low formation temperatures, although how low is
uncertain. Ideally, only inclusions trapped at room temperature or less, would be all liquid at
room temperature. In reality, many all-liquid inclusions formed at 60-70°C or less will fail to
nucleate a shrinkage bubble but will metastably remain a single, liquid, phase. This behavior by
low-temperature inclusions is caused by the small decrease of internal pressure during cooling
being insufficient to overcome the surface tension of the liquid. Failure to nucleate a vapor
bubble is most common for small inclusions, trapped at low temperature, and containing low-
salinity fluids—typical attributes of the unsaturated zone calcite al-liquid inclusions.

The unsaturated-zone calcite aso contains two-phase inclusions consisting of liquid plus vapor.
The vapor:liquid ratios in these inclusions range from nearly all liquid to all vapor, but can be
divided into two types: (1) small groups of inclusions with small, but consistent, vapor:liquid
ratios, and (2) scattered vapor-dominated inclusions with large and highly variable vapor:liquid
ratios. The first type provides evidence of the formation temperatures of the calcite; the second,
through estimates of internal pressure and gas composition, can permit inferences regarding the
depositiona setting.

Fluid inclusion studies of secondary calcite occurrences sampled from drill core by YMP
scientists revealed many two-phase inclusions with large and variable vapor:liquid ratios and
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many all-vapor inclusons but very few two-phase inclusions that met the petrographic
requirements to yield reliable temperature data (Roedder et al. 1994, pp. 1857 to 1858). Roedder
and Whelan (1998, p. 56) reported Ty ranging from about 50 to 100°C for seven calcite-hosted
inclusions from four occurrences sampled from the unsaturated zone of boreholes USW G-1 and
USW G-2 (data are in DTN: GS931108315215.033). It now appears that this sample set may
have been adversely affected by core and sample handling procedures. Core from these boreholes
was not always protected from extremes of temperature (e.g., core sometimes remained at the
drill site during the summer when temperatures may have exceeded 40°C). Also, procedures used
to prepare the sections could have inadvertently heated the samples to temperatures of 40 to 50
°C. Just as fluid inclusions that trapped only a liquid phase may metastably fail to nucleate a
vapor bubble on cooling, low-temperature two-phase inclusions with small vapor:liquid ratios
will homogenize to asingle phase if accidentally heated above their T, and then fail to renucleate
the vapor bubble on cooling. Thus, accidental heating can erase evidence of formation conditions
below the maximum temperature reached.

Subsequent studies of calcite samples from the ESF have described the limited occurrence of
two-phase inclusions with Ty, ranging from 35 to 55°C, and the rare existence of fluid inclusions
with Ty, up to at least 80°C (Dublyansky et a. 1996, pp. 38 to 39; Dublyansky 1999, p. S-4;
Dublyansky and Reutsky 1998, p. A-79). The scarcity of similar fluid inclusions in drill core
samples examined by Roedder et al. (1993, p. A-184; 1994, pp. 1857 to 1858), suggests that
thermal mishandling could have rehomogenized the previously two-phase inclusions that had
been trapped at <50°C. Why the higher T,’s were not observed is uncertain although, if their
distribution is restricted like that of the calcite with low values of 5?0, reconnaissance sampling
of drill core could have easly missed them.

Vapor-Filled or Large Vapor-Liquid Ratio Inclusions—Although not as abundant as all-
liquid inclusions, vapor-filled or vapor-rich inclusons are common. The most common
depositional settings that produce minerals having inclusions of widely-ranging vapor:liquid
ratios are where the depositing fluids have boiled, or where mineral deposition took place in an
unsaturated (vadose) environment. Inclusions formed in these two settings are, however, easily
distinguished by their internal pressures. Vapor-rich inclusions formed in a boiling environment
that trap steam or a mixture of steam and fluid will, when cooled to room temperature, have an
internal pressure that is a near vacuum (unless they contain large amounts of CO,). Inclusions
formed in a vadose setting trap a mixture of the gases present (dominated by atmospheric gases)
and the liquid; these inclusions should have internal pressures near or just dlightly less than
atmospheric pressure (depending on the trapping temperature). Dublyansky (1999, p. S-4) has
offered a third explanation for the vapor-rich inclusions. exsolution of gases from a fluid in a
saturated zone (i.e., sub-water-table) setting. In this case, the inclusions should have an internal
pressure equivalent to the height of the overlying water column and which would be considerably
greater than atmospheric pressure.

Fortunately, a ssimple device caled a crushing stage permits qualitative estimates of the internal
pressure of fluid inclusions (Roedder 1970, pp. 41 to 42). A mineral grain containing an
inclusion of interest is placed in an immersion medium (oil, glycerol, etc.) between two glass
plates on a microscope stage. Squeezing of the mineral chip between the two plates generates
fractures which ultimately rupture the fluid inclusion. If the internal pressure is much less than
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atmospheric, as in a high-temperature or boiling inclusion, the immersion fluid will be sucked
into and fill the inclusion. If the internal pressure is near atmospheric, as in vadose zone mineral
formation, little or no immersion fluid will enter the inclusion. Lastly, if the internal pressure is
greater than atmospheric, the inclusion gases will expand into and form a bubble in the
immersion fluid.

Analysis of the vapor-rich inclusons in the unsaturated zone calcite fluid inclusions has
produced conflicting results. Roedder et al. (1993, p. A-184) reported that small amounts of
immersion oil entered the vapor-rich fluid inclusons when they were crushed. Subsequent
qualitative analyses of the gases released during crushing (Roedder et a. 1994, p. 1859),
however, indicated large quantities of CH, and CO,, with N> and O, in roughly atmospheric
proportions. These results lead to a re-evaluation of the initial crushing experiments because
CH,, which is localy present in concentrations of tens of percent, is readily soluble in the
immersion oil used in the experiment. Solution of the CH, into the immersion oil at the time of
inclusion rupture would lower the internal pressure in the inclusion and result in oil entering the
inclusion cavity. The crushing test was therefore repeated using glycerol as the immersion fluid,
in which CH,4 isinsoluble. In these tests no glycerol entered the inclusions and they appeared to
have ~atmospheric internal pressure, indicating that they had likely formed in the same vadose
setting that they are found in today.

Again, however, Dublyansky (1999, p. S-4) has reported crushing and gas composition results
from the vapor-rich inclusions that are at odds with those of Roedder et al. (1994, p. 1859). He
reported that immersion fluids, including glycerol, entered the inclusions during crushing tests,
thus indicating a less-than-atmospheric internal pressure. Furthermore, although he reported
gualitative gas compositions that were similarly rich in CH,4, CO,, and N> he found no O,; and he
inferred the presence of traces of aromatic hydrocarbons, based on Raman spectroscopy.

6.11.4.2 Percolation vs. Upwelling Originsfor Unsaturated-Zone Calcite

Not surprisingly, these two research groups have come to distinctly different conclusions
regarding the formation of the secondary calcite deposits in the unsaturated zone.

Roedder et a. (1994, pp. 1859 to 1860) concluded that the calcite and associated silica
mineralization (early chalcedony/quartz, intermediate and late opal) had formed from meteoric
water. This water infiltrated through the soil zone, picking up its C, Sr, and U geochemical
signatures, and then percolated through the unsaturated zone depositing calcite and silica aong
its fracture and cavity flowpath. Roedder et al’s (1994, pp. 1859 to 1860) and Roedder and
Whelan’'s (1998, p. 56) interpretations were based largely on the following observations:

» Themajority of fluid inclusions are liquid-filled, indicating low formation temperature.
* The liquid-filled inclusions are closely associated with vapor-rich inclusions in which

crushing tests have indicated near atmospheric pressure and quadrupole mass
spectrometry has revealed atmosphere-like N,/O, ratios.
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» Asdiscussed in Section 6.10, all stages of calcite-silica deposition are largely restricted
to the footwalls of fractures or the floors of lithophysal cavities and typically mineralize
only a small percentage of suitable fracture or lithophysal surfaces. This arrangement of
occurrences is more compatible with deposition controlled by the distribution of discrete
flowpaths in the unsaturated zone than with the pervasive mineralization that would be
expected from wholesale flooding of the tuffs.

Dublyansky (1999, p. S-4) disputed these conclusions and argued that the calcite and silica
deposits have formed from the upwelling of relatively low-temperature, but deep-seated, thermal
fluids. These fluids, he contended, have repeatedly invaded the UZ, possibly recently, depositing
calcite and silica. His conclusions are based primarily on the following observations:

» The common occurrence of two-phase inclusions that have Ty, typically of 35 to 55°C but
which range up to ~80°C in some of the early stage calcite. Dublyansky insists that these
temperatures, which are well above the present-day ambient temperature, require
upwelling of heated fluids and flooding of the unsaturated zone to form the calcite.

» Vapor-rich inclusions from which crushing tests have indicated less than atmospheric
internal pressure and in which other analytical studies have suggested the presence of
traces of aromatic hydrocarbons. Again, this evidence is presented as conclusive proof of
the upwelling hypothesis.

6.11.4.3 Alternative Interpretations of Fluid Inclusion Data

The possibility that thermal water has flooded the unsaturated zone in the past and might do so
again in the future, no matter how unlikely, must be evaluated carefully. Independent but paralel
studies of the occurrence and paragenetic distribution of two-phase fluid inclusions, and of the
timing of deposition of the host calcite, were begun in April 1999 by the US Geological Survey
(USGS) and the University of Nevada at Las Vegas (UNLV). These studies will be based on a
comprehensive set of approximately 200 samples jointly collected by the participants from the
underground workings, and are scheduled for completion in the Spring of 2001.

Sample collection for the parallel studies is nearly complete. Preliminary reviews of the existing
data by representatives of the USGS, the UNLV, and the State of Nevada, coupled with
observations of the new samples appear to support the following inferences:

* Primary two-phase inclusions are more common than originally reported by Roedder et
al. (1994, pp. 1857 to 1858). This may reflect the uncertain storage history and sample
preparation procedures of the drill core samples used in that study.

* Fluid inclusion Ty, measurements indicate temperatures of 35 to 55°C may have been
common, and temperatures up to 80°C occur at least localy in the early stage
paragenesis. These temperatures are consistent with those inferred from calcite 3'0
values (Whelan et a. 1999, p. S-8) which record athermal event in the oldest calcite and
a progressive decline of the geothermal temperature gradient with time. Geochronologic
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studies in conjunction with the fluid inclusion T, measurements will test the thermal
history of the unsaturated zone inferred from calcite 30 values.

» Warmer temperature does not, in and of itself, necessitate upwelling fluids or saturated
conditions. Early stage calcite is still restricted to fracture footwalls and cavity floors.
Calcite of unquestioned hydrothermal origin formed in tuffs deep below the water table
about 10.4 Ma (Bish and Aronson 1993, p. 148) and it is isotopically, texturally, and
chemically distinct from the unsaturated zone calcite (Whelan et al. 1994, pp. 2738 to
2739 and Figure 3). As long as temperatures were below 100°C, unsaturated-zone fluids
were liquid, and inclusion T}, measurements do not necessitate a saturated environment.

7. SUMMARY AND CONCLUSIONS

An extensive database of geochemical and isotopic characteristics has been established for pore
waters and gases from the unsaturated zone, perched water, and saturated-zone waters in the
Yucca Mountain area. The analytical work has been driven by diverse needs of the YMP site
characterization, process modeling and performance assessment communities. Water and gas
chemistries influence the sorption behavior of radionuclides and the solubilities of the
radionuclide compounds that form. The chemistry of waters that may infiltrate the potential
repository will be determined in part by that of water present in the unsaturated zone above the
potential repository horizon, while pore-water compositions beneath the potential repository
horizon will influence the sorption behavior of the radionuclides transported towards the water
table. However, more relevant to the discussion in this report, development and testing of
conceptual flow and transport models for the Yucca Mountain hydrologic system are
strengthened through the incorporation of natural environmental tracer data into the process.
Chemical and isotopic data are used to establish bounds on key hydrologic parameters and to
provide corroborative evidence for model assumptions and predictions. Examples of specific
issues addressed by these data include spatial and temporal variability in net fluxes, latera
diversion in specific stratigraphic units, role of faults in controlling flow paths, fracture-matrix
interactions, age and origin of perched water, and distribution of water travel times. This section
summarizes the types of data available and their implications for key hydrologic processes at
Y ucca Mountain.

This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur as a result of completing the
confirmation activities will be reflected in a subsequent revison. The status of the input
information quality may be confirmed by review of the Document Input Reference System
database.

The following assumptions are identified as “to be verified:”

» Chemical datafor pore waters extracted from drillcore are representative of in situ conditions
(Assumption 2 in Table 5; impacts conclusionsin Section 7.1, 7.3, 7.4, and 7.7).
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» Carbon isotopic data for pore waters and gases are representative of in situ conditions, and
have not been affected significantly by laboratory or field sources of contamination, including
drilling air (Assumption 9 in Table 5; impacts conclusions in Section 7.2 and 7.3).

* The chloride mass balance (CMB) method is assumed to be applicable to the estimation of
infiltration rates at Y ucca Mountain, for samples obtained above the CHn (Assumption 19 in
Table 5; impacts conclusions in Section 7.4).

» The estimated range of annual deposition rates for chloride at Y ucca Mountain encompasses
the present-day rate as well as the rates that prevailed when the sampled pore waters
infiltrated below the soil zone (Assumption 20 in Table 5; impacts conclusions in Section
7.4).

* Pore-water samples that have been analyzed for chloride are representative of the full
spectrum of significant flow paths in the unsaturated zone at Y ucca Mountain (Assumption
21 in Table 5; impacts conclusions in Section 7.4).

For these reasons, quantitative values and bounds provided in this report and summarized below,
are subject to change but the general trends are judged to be valid.

71 CHEMICAL COMPOSITION

Total Dissolved Solids and Chloride—Pore-water samples were extracted by tri-axid
compression and by centrifugation from unsaturated core samples recovered from dry-drilled
boreholes. Only nonwelded to poorly welded tuffs generally yield sufficient water for complete
chemical analysis, and analyses of pore water from densely welded units are scarce. In generd,
unsaturated-zone pore waters have higher total dissolved solid concentrations than perched or
saturated-zone waters, reflecting low surface infiltration rates. The variability in the dissolved-
solids content of the shallow-most nonwelded unit (PTn) is a direct consequence of the spatial
variability of surface infiltration rates. Chloride concentrations in this unit are highest beneath
the terraces of large washes, and lower elsewhere. This inverse relationship between infiltration
rates and pore-water chloride concentrations is reflected in the fact that infiltration rates
calculated on the basis of the CMB method are generally consistent with rates calculated on the
basis of physical methods.

Geochemical Evolution of Major 1on Chemistry—The relative concentrations of ionsin pore-
water samples also provide information about percolation processes. Most of the major chemical
characteristics of the pore waters appear to be established by soil-zone processes—predominantly
evapotranspiration and dissolution or precipitation of pedogenic calcite and amorphous silica—
such that pore waters entering the bedrock are nearly always saturated with respect to these two
phases. The infiltrating water compositions range from calcium-sodium bicarbonate type to
calcium-sodium sulfate-chloride types, depending upon the residence time of the water in the soil
zone. During large rainfall events that lead to percolation of soil waters directly into the
unsaturated zone, the waters may be predominantly of the calcium-sodium bicarbonate type.
During smaller rainfall or snowfal events, waters that percolate into the unsaturated zone may be
closer to the calcium-sodium chloride-sulfate type.
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Magjor-ion compositions of deeper pore waters indicate that water-rock reactions are very
restricted during percolation through the unsaturated zone. Relative abundances of cations are
altered through ion-exchange reactions with clays and zeolites along the flow paths. As a result
of these reactions, pore waters extracted from the Calico Hills nonwelded (CHnN) unit are sodium-
(carbonatetbicarbonate) type waters, a characteristic that becomes stronger with increasing
depth. In contrast to PTn pore waters, chemical compositions in the CHn are generally similar
within a given stratigraphic unit and markedly different between different host lithologies in any
given borehole, implying significant lateral movement of water within the CHn unit.

Samples that deviate from this general geochemical evolution may provide insight into the role
of other factors that can influence water chemistry, such as faults as pathways.

7.2 1SOTOPIC COMPOSITION

The isotopic data that are summarized in this section bear on the paleoclimatology of Y ucca
Mountain as well as on the details of the flow system. The paleoclimatic information is largely
contained in the stable isotopes of hydrogen, oxygen, and carbon. Details of flow, in particular
evidence for recent flow at depth, is provided by the tritium, carbon-14 and chlorine-36 data. In
addition, evidence for the presence of local recharge is provided by uranium activity ratios. The
Sr isotope data largely reflect water-rock interactions, and therefore is pertinent to discussion of
transport processes.

Tritium—Tritium has been anadyzed in over 800 pore-water fluids extracted from
unconsolidated material in shallow surface-based boreholes, from drill core from deep surface-
based boreholes, and from ESF drillholes. Analyses are also available for water samples bailed
and pumped from perched-water bodies and from the saturated zone. Statistical analysis was
used to define 25 tritium units (TU) as the threshold at which agiven signal can be considered as
being above background. (One of the limitations of this approach is that “background” in this
case includes post-bomb waters which have returned to pre-bomb tritium levels.) By this
criterion, detectable levels of tritium have been observed in the Bow Ridge fault zone in ESF
Alcove 2 and in about 6% of the pore waters extracted from core samples from 11 surface-based
boreholes. These detections occur predominantly within the TSw and the Prow Pass member of
the Crater Flat Tuff. No bomb-pulse tritium was detected in TSw samples from the drillhole
transecting the Ghost Dance fault in the Northern Ghost Dance Fault Access Drift (Alcove 6),
despite the fact that elevated levels of **Cl were measured in Alcove 6. Bomb-pulse tritium was
not detected in any of the perched-water samples, as all of these were well below 25 TU.

Tritium data for some of the unsaturated-zone boreholes show severa inversions in which
samples with larger tritium concentrations occur below samples with background values in a
vertical profile. The occurrence of detectable tritium in waters below non-tritium-bearing water
(and hence older water) in a vertica profile is strong evidence for the occurrence of fracture and
lateral flow at Y ucca Mountain.

Chlorine-36—Chlorine-36 analyses exist for several hundred rock samples from surface-based
boreholes and the ESF. Bomb-pulse concentrations are present in the PTn at several locations
and in the vicinity of some fault zones in the ESF. Bomb-pulse chlorine-36 is not present in
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perched water or groundwater from the site (other than in shallow recharge from UE-29 a#2 in
Fortymile Wash).

Carbon-14—Uncorrected carbon-14 ages of unsaturated-zone pore waters range from modern to
5,200 years. These data do not show any trend with stratigraphic depth. In fact, larger *C
activities are interspersed among smaller *C activities in a vertical profile. These irregular
profiles are consistent with a conceptual model in which fracture flow and perhaps lateral flow
occur in some of the units. Radiocarbon ages for PTn pore-water samples span a narrower range
than for CHn pore waters, as expected if the CHn unit were fed by fracture flow mixing to
variable extents with slower matrix flow.

For carbon isotopes in gases, samples collected from instrumented boreholes (UZ-1, SD-12, and
drillholes in ESF Alcoves 1 and 6) are considered to be the most reliable indicators of in-situ
conditions. Gas ages for these samples range from modern in the upper 100 feet, to 15,900 years
near the water table in UZ-1. The measured gas profiles generally increase smoothly with depth
and appear to be consistent with gas-transport modeling of downward movement of atmospheric
CO, by simple diffusion. In the potential repository horizons, between the TSw upper
lithophysal and lower lithophysal units, radiocarbon ages for gases range from 6,100 to 9,500
years in UZ-1 and SD-12. A dlightly younger range of 2,400 to 4,500 years was obtained for
gases from the Alcove 6 drillhole, which intersected the Ghost Dance fault zone.

Ages for perched waters are 3,300 years for the sample from NRG-7a, and between 7,200 and
10,700 years for samples from three other boreholes (SD-7, SD-9, UZ-14). If post-bomb water is
present in the perched bodies, the component is too small to be detectable by any of the three
bomb-pulse isotope signals (tritium, **C and *Cl).

Questions regarding corrections to the radiocarbon ages remain to be resolved. The extent of
contamination of pore-water samples with drilling air has not been quantified;, such
contamination would shift the isotopic signature to apparently younger ages. Pore-water and
perched-water *C activities can also be diluted by the dissolution of older carbon in the
carbonate minerals, which would result in anomalously old apparent ages. Reaction with or
incorporation of gas-phase CO, from deep in the unsaturated zone can aso result in an
anomalous apparent age. However, although questions can be raised about the representativeness
of individual samples, the general trends shown by the samples support the conclusion that
average travel times through the unsaturated zone are on the order of 5,000 to 10,000 years.

Carbon-13—Relative to stable carbon isotope ratios in the atmosphere, most pore-water samples
are isotopically light. This signature indicates that these pore waters have been influenced by
biogenic processes, and that most of the bicarbonate in unsaturated-zone matrix pore fluids
originated in the soil zone. In contrast, most of the perched-water bodies and groundwater in the
Y ucca Mountain area have heavier (less negative) 3C values that do not show the same degree
of soil influence as do the unsaturated-zone pore waters. Stable carbon isotope ratios for pore
waters show a wide range in both the Ptn and CHn units, which may be a consequence of a
variety of processes but which is aso consistent with spatialy and temporally variable
infiltration rates and mixing between fast fracture flow and slow matrix flow.
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Deuterium and oxygen-18—Stable isotopic compositions of hydrogen and oxygen reflect
climatic conditions that prevailed when the pore water infiltrated below the root zone. Lighter
isotopic values for CHn pore waters suggest that much of the water in this unit originated either
during winter precipitation or during atime of colder climate, as compared to the origin of pore
water in the PTn. This timing may also be the explanation for the more dilute nature of the CHn
pore waters, because waters are subject to less evapotranspiration during winter precipitation or
during a colder climate. Spatial differences in Yucca Mountain groundwater samples from the
saturated zone are not large, but the general trend is that groundwaters to the south of the site
tend to be isotopically lighter than those farther to the north or east, suggesting that recharge
occurred under cooler climatic conditions.

Strontium-87—Strontium isotope compositions in the host volcanic rocks differ significantly
from those of the unsaturated-zone pore waters, indicating that pore water has not reached
isotopic equilibrium with the tuffs. Near the top of borehole SD-7, the 8%'Sr in the pore water
matches the &*’Sr found in calcite surface coatings at the drillpad. Delta-®’Sr increases with
depth; this increase is especialy evident within the PTn and is only dlightly discernible in the
underlying TSw. A working model assumes that strontium is initially added to infiltrating water
by dissolution of calcite in the soil zone. During subsequent percolation through the PTn, the
pore water interacts with the rocks in this unit, which changes its strontium signature.

Uranium activity ratios— Uranium isotopic ratios have been used to address the prevalence and
frequency of fracture flow through the unsaturated zone at Y ucca Mountain and the issue of local
recharge to the water table. Substantial differences in 2*U/?®U activity ratios between pore
water and fracture water imply that, once water is entrained in fractures, there may be minimal
liquid exchange between these two types of flow pathways. Anomalously large 2*U/?8U activity
ratios in shallow saturated-zone water beneath Y ucca Mountain are similar to the elevated initial
234U/ ratios measured for deep unsaturated-zone minerals and perched water bodies at the
site. The similarity of the signals for shallow groundwaters, fracture water, and perched waters
supports the concept of recharge through the thick unsaturated zone at Y ucca Mountain, and that
much of the local recharge derives from flow through fracture pathways in the deep unsaturated
zone rather than from percolation through the matrix column. Furthermore, the fact that the
24U/ values in the groundwater are near the upper end of the range observed in the
unsaturated-zone materials, implies that the local recharge has not been highly diluted by
through-flow from the north.

7.3 FLOW PATHS

Geochemical and isotopic data in waters from the unsaturated and saturated zones at Yucca
Mountain are consistent with a flow model in which all unsaturated-zone waters, including
perched waters, originate at the surface of the mountain. Although flow paths appear to be
predominantly vertical, there is evidence that suggests latera flow in some units. For example,
the observation that samples from the PTn with tritium values well above background are found
beneath samples with tritium at background values is difficult to explain without calling upon
some type of lateral flow mechanism. The isotopic data further provide evidence of water that
has flowed rapidly to at least the depth of the ESF. This water presumably flowed along
pathways that included fractures and/or faults. To account for the data, there must also be
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fractures and/or faults through the PTn. How much of the total percolation flux is due to this
fracture flow is difficult to quantify. The available hydrochemical data, in toto, suggest the
proportion is small. This implies that the bulk of water in the unsaturated zone moves through
the matrix. However, the fact that CHn pore waters are considerably more dilute than pore
waters in the overlying tuffs suggests that the fracture flow component can dominate the
chemistry of the deeper unsaturated-zone waters. Alternatively, the more dilute nature of the CHn
fluids could reflect infiltration under cooler climates than the present climate at Y ucca Mountain.

7.4 INFILTRATION RATES

Apparent infiltration rates were estimated by the CMB method, using chloride concentrations for
pore-water samples from 11 surface-based boreholes, 53 ESF drillholes, and 24 Cross Drift
drillholes. Alluvium in washes or forming terraces had apparent infiltration rates less than 0.5
mm/yr. Apparent infiltration rates in the PTn were generally higher than the rates estimated for
alluvium, even for samples from the same boreholes, presumably due to lateral flow and mixing
within this unit. Nonetheless, the rates appear to be roughly correlated with surface topography.
PTn samples beneath deep alluvium had infiltration rates between 0.6 and 3.3 mm/yr. PTn and
TSw pore waters beneath sideslopes and ridgetops, which have thin aluvial cover, had average
infiltration rates between 5 and 8 mm/yr in the northern half of the study area (e.g., Cross Drift,
North Ramp, main drift up to station 45+00), but only about 1 mm/yr in the southern half (ESF
South Ramp). The overall average infiltration rate for pore-water samples collected aong the
Main Drift and Cross Drift (30 samples) is about 6 mm/yr.

7.5 PERCHED WATER

The existence of perched water bodies beneath Yucca Mountain is of interest because of
potential implications for flow and transport in the unsaturated zone. With respect to flow issues,
the existence of the perched water bodies could reflect an earlier period(s) of increased
infiltration rates or it could reflect some sort of steady-state phenomenon. The fact that perched
water samples appear to be up to 11,000 years old based on *C and **Cl ages favors the former
explanation. Mgjor ion concentrations and uranium isotope data suggest that these bodies were
formed by water flowing through fractures in the unsaturated zone rather than through the matrix.
The fact that these waters do not appear to have equilibrated with water in the matrix of unitsin
which the perched water bodies are found also supports a distinct origin (e.g., fracture flow) for
these waters and very slow exchange between fracture and matrix reservoirs.

7.6 PALEOHYDROLOGIC CONSTRAINTSON FRACTURE FLOW

Deposits of calcite and opal lining fractures and cavities in the ESF contain spatial and temporal
information on past migration of water through the unsaturated zone. Mineral textures, the fact
that less than 10% of all fractures and open spaces contain coatings of calcite and opal, and
restriction of minerals to fracture footwalls and cavity floors, are consistent with deposition from
thin films of descending fracture water at sites where solutions lose carbon dioxide and water
vapor. Carbon, oxygen, and strontium isotopic compositions of the unsaturated zone calcite and
silica phases also support a source of water from downward-percolating meteoric water. Oxygen

ANL-NBS-HS-000017, Rev 00 Page 127 of 156



isotopic data on secondary fracture minerals indicate that geothermal gradients during the last
eight million years have been relatively constant.

Geochronological data indicate that calcite and opal grew at extremely slow and relatively
uniform rates for millions of years. Radiocarbon, uranium-thorium, and uranium-lead ages for
outer (youngest) mineral surfaces range from less than ten thousand to about 1.5 million years.
Uranium-lead ages for interior (older) layers of opal and chalcedony range from 0.5 to 10 million
years and result in calculated long-term average deposition rates of about 1 to 5 mm/million
years. These rates are consistent with estimates based on uranium-thorium ages for subsamples
deposited over the last half million years.

Stable isotope compositions (3**C and 5'°0) of calcite deposited over the last several million
years span a wide range of values indicating deposition from water originating from both pluvial
and interpluvial precipitation, consistent with climate fluctuations documented throughout the
region. However, uniform mineral growth rates imply that fracture flow in the deep unsaturated
zone at Yucca Mountain did not vary substantially despite these climate variations. In addition,
Z9Th/U ages do not show clustering that can be correlated with cycles of pluvial-interpluvial
climate over the last 200 ka Initial 2*U/*®U ratios calculated for opal and calcite deposited
within the potentia repository horizon also imply that deep unsaturated zone fracture flow at
Y ucca Mountain was low volume and/or infregquent.

Hydrologic buffering of the deep fracture-flow system is attributed to a number of hydrogeologic
factors including increased runoff and surface drainage in response to additional precipitation,
downslope diversion along the colluvium-bedrock interface, increased vegetation during wetter
climates leading to greater rates of evapotranspiration, and the presence of nonwelded tuffs with
large matrix permeabilities in the PTn overlying the fractured, densely welded tuffs of the
potential repository horizon. A combination of these factors has resulted in the long-term
hydrologic stability of the fracture-flow system at the level of the potential repository horizon.

7.7 IMPLICATIONSFOR REPOSITORY PERFORMANCE

The chemistry of water is a potentially important factor in radionuclide transport because it
influences the solubilities of radionuclide compounds that form and because it influences the
sorption behavior of the radionuclides. In addition, the chemistry of waters that may infiltrate the
potential repository will be determined largely by the chemistry of water present in the
unsaturated zone above the potential repository horizon.

Variations expected in water compositions that intersect the near-field environment will be
strongly dependent on the climatic regime and on flow paths. Because most flow paths that
would produce water in the repository horizon will likely represent fracture flow paths, the water
compositions may be more dilute than those of matrix pore waters extracted from welded and
nonwelded tuffs. If infiltration rates increased in the site area as a result of a climatic shift, these
compositions would likely become even more dilute, presumably more like the perched-water
compositions.

Data on major ion concentrations in unsaturated zone waters beneath the proposed repository
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horizon are of great significance to radionuclide transport. For example, the fact that pore waters
in the lower portions of the zeolitized Calico Hills tuff have very low calcium and magnesium
concentrations compared to pore waters in the overlying units indicates that ion exchange
processes operate on the pore waters that percolate through the zeolitic tuffs. These processes
tend to remove calcium and magnesium from the percolating waters replacing them with
equivalent concentrations of sodium. When combined with **C age data suggesting relatively
young ages (up to 100 pmc) for CHn pore waters, these data indicate ion exchange processes
operate on vertically migrating young pore waters in the CHn. This suggests ion exchange
processes would also operate on radionuclides released from the potential repository into
agueous solutions that subsequently migrated vertically into the zeolitic CHn.
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